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Construction and commissioning of a room-temperature electron beam ion trap
and development of a wire probe injection system
The high-precision Penning-trap mass spectrometer Pentatrap aims at measurements of
mass ratios of highly charged ions with an uncertainty of 10−11 and below. An application
in neutrino physics is the measurement of the mass ratio of 163Ho and 163Dy for the ECHo
collaboration aiming at the determination of an upper limit of the neutrino mass in the
sub-eV range. This master thesis reports on the construction and commissioning of a compact
room-temperature electron beam ion trap (EBIT) providing highly charged ions of 163Ho for
the Pentatrap experiment. For the efficient injection of very small samples of the synthetic
radioisotope 163Ho in the range of tens of ng into the EBIT a setup employing the wire probe
injection technique was developed and constructed. For the first tests, the EBIT is integrated
into a test setup including a Wien filter and an MCP detector as diagnostic equipment for
commissioning. Through injection of argon gas, the Wien filter was calibrated and used
for the identification of the charge states of extracted xenon ions. Simulations of the charge
state evolution for argon and holmium have been performed showing a good agreement with
the measurements in the case of argon and giving an estimate of the reachable charge states
for holmium. Finally, the developed wire probe injection setup was taken into operation and
the first measurements using a gold coated copper wire as wire probe are presented.
Aufbau und Inbetriebnahme einer Raumtemperatur-Elektronenstrahlionenfalle
und Entwicklung eines Drahtproben-Injektionssystems
Das Hochpräzisions-Penningfallen-Massenspektrometer Pentatrap hat das Ziel Massenver-
hältnisse hochgeladener Ionen mit einer Unsicherheit von 10−11 und besser zu bestimmen.
Eine Anwendung solcher Präzisionsmessungen ist die Messung des Massenverhältnisses von
163Ho und 163Dy für die ECHo-Kollaboration mit dem Ziel die Obergrenze der Neutrinomas-
se in den sub-eV Bereich zu reduzieren. Die vorliegende Masterarbeit behandelt den Auf-
bau und die Inbetriebnahme einer kompakten Raumtemperatur-Elektronenstrahlionenfalle
(EBIT), die hochgeladene 163Ho-Ionen für das Pentatrap-Experiment erzeugt. Für die ef-
fiziente Injektion von sehr kleinen Proben des synthetisch hergestellten Radioisotops 163Ho,
die typischerweise im Bereich von einigen zehn ng liegen, wurde ein Aufbau zur Drahtproben-
injektion entwickelt und aufgebaut. Für die ersten Tests wurde die EBIT in einen Testaufbau
integriert, der einen Wienfilter und einen MCP-Detektor als diagnostische Elemente für die
Inbetriebnahme enthält. Der Wienfilter wurde mittels Injektion von Argongas kalibriert und
die Kalibration später dazu verwendet, die Ladungszustände von extrahierten Xenonionen
zu identifizieren. Weiterhin wurden Simulationen der Zeitentwicklung von Ladungszustän-
den in einer EBIT für Argon und Holmium durchgeführt, die im Falle von Argon gut mit
den Messungen übereinstimmen. Im Falle von Holmium dienen diese dazu, die mit der EBIT
möglichen Ladungszustände abzuschätzen. Abschließend werden die Ergebnisse der ersten
Tests des Drahtprobeninjektionssystems mit einem vergoldeten Kupferdraht präsentiert.
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The mass of an atom is one of its most fundamental properties. Due to the relation of
the atomic mass to nuclear and atomic binding energies, high-precision measurements of
atomic masses have a variety of applications in modern physics and metrology ranging,
e.g., from the determination of fundamental constants such as the fine structure constant
(Bradley et al., 1999), tests of fundamental symmetries such as the charge, parity, and
time (CPT) reversal symmetry (Ulmer et al., 2015), tests of quantum electrodynamics in
extremely high fields by measuring the binding energy of highly charged ions (Repp et al.,
2012), to direct tests of Einsteins energy and mass equivalence, E = mc2 (Rainville et al.,
2005). Furthermore, Penning-trap mass measurements are applied in neutrino physics
assisting e.g. in the determination of a new upper limit of the electron neutrino mass
(Blaum et al., 2010; Gastaldo et al., 2014).
The highest precisions in measurements of mass ratios with uncertainties below 10−11
(Rainville et al., 2004) are currently reached using Penning traps, which have been first
realized in 1968 by Hans G. Dehmelt (Dehmelt and Walls, 1968; Dehmelt, 1990). Mass
measurements in Penning traps rely on the precise measurement of the free-space cyclotron
frequency ωc = qB/m of an ion of mass m and charge q in a homogenous magnetic field
B, thereby converting the measurement of a mass to a frequency measurement, which is
the quantity that can be measured with highest precision.
The Standard Model of particle physics classifies the fundamental particles and de-
scribes the interactions between these particles by means of three fundamental forces, the
strong, the electromagnetic and the weak force. In the Standard Model, the neutrinos are
assumed to be massless, uncharged leptons interacting only via the weak force (Thomson,
2013). However, in 1998 the Super-Kamiokande collaboration discovered that neutrinos
oscillate between the three different flavors, thereby mixing the flavor and the mass eigen-
states, implying that in contrast to the Standard Model prediction neutrinos are massive
particles (Fukuda et al., 1998; Thomson, 2013). “[For] the discovery of neutrino oscilla-
tions, which shows that neutrinos have mass”, the Nobel Prize in Physics was awarded to
Takaaki Kajita and Arthur B. McDonald in 2015 (Nobel Media AB, 2015). The oscillation
probability from one flavor eigenstate to another depends on the squared mass difference,
hence no conclusions on the absolute mass scale of neutrinos can be drawn from neutrino
oscillations.
1
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In order to investigate the absolute mass scale of neutrinos several experiments are cur-
rently being set up, e.g. the Karlsruhe Tritium Neutrino experiment (KATRIN) (Thümm-
ler, 2012) or the HOLMES experiment (Alpert et al., 2015). Both are aiming at a sub-eV
upper limit of the electron anti-neutrino or the electron neutrino mass, respectively. A
further experiment is the Electron capture in Holmium experiment (ECHo collaboration)
investigating the electron capture decay of 163Ho to determine an upper limit of the elec-
tron neutrino mass at the sub-eV level (Gastaldo et al., 2014). The current upper limit
of the electron neutrino mass is mνe = 225 eV/c2 (95 % C.L.) (Springer et al., 1987). By
capturing an electron from an inner shell 163Ho decays to an excited state of 163Dy∗, which
subsequently de-excites into its ground state under the emission of X-rays and Auger
electrons:
163Ho → 163Dy∗ + νe
→ 163Dy + νe +QEC,
(1.1)
where QEC is the total available energy for the decay. In order to determine the electron
neutrino mass, the de-excitation spectrum of 163Dy∗ is measured using metallic magnetic
calorimeters to reach a high energy resolution. To ensure the emitted X-rays and Auger
electrons are detected, the 163Ho is implanted directly into the absorber material of the
calorimeter (Gastaldo et al., 2014). The most sensitive part of this spectrum is the end-
point region where X-rays and Auger electrons carry most of the available energy while the
neutrino has almost only its rest mass and no kinetic energy. Fitting the measured spec-
trum with a theoretical model yields the electron neutrino mass and QEC among other
decay parameters. With a high-precision measurement of the mass difference between
163Ho and 163Dy with Penning traps an independent value of QEC is used to check the
result obtained from the calorimetric measurement for systematic uncertainties (Gastaldo
et al., 2014). For the ECHo collaboration the QEC value of the electron capture process
in 163Ho has to be determined with an accuracy of better than 1 eV. For the first phase of
ECHo QEC was measured at the Shiptrap Penning-trap mass spectrometer with a pre-
cision of 34 eV/c2 to resolve the large discrepancy of the micro-calorimetric measurements
and previous measurements of about 500 eV/c2 (Eliseev et al., 2015). For the next phase
Pentatrap aims for a measurement of QEC with an uncertainty of better than 1 eV.
The Pentatrap experiment is a high-precision Penning-trap mass-spectrometer lo-
cated at the Max-Planck-Institute for Nuclear Physics in Heidelberg designed to measure
mass ratios of highly charged ions (HCIs) with an uncertainty of a few parts in 10−12
(Repp et al., 2012). The Penning traps are situated in an ultra-high vacuum and at liquid
helium temperature to isolate the ion from the environment and allow for long observation
times necessary for high-precision measurements. Using HCIs increases the measurement
precision since the free-space cyclotron frequency scales linearly with the ion charge while
the relative precision of the frequency measurement stays constant. HCIs for the Pen-
tatrap experiment are produced in electron beam ion traps (EBITs) by electron impact
ionization. The Pentatrap experiment will soon have access to three EBITs as sources
of HCIs, which are the Dresden EBIT (Zschornack et al., 2008), the Heidelberg EBIT
(López-Urrutia et al., 1999) and the Tip-EBIT constructed in the scope of this thesis.
3For the measurement of QEC HCIs of 163Ho and 163Dy have to be supplied to the
Pentatrap experiment. Usually the species of interest is available in amounts that allow
the injection into an EBIT using the MIVOC technique (Door, 2015) and gaseous species.
However, in the case of 163Ho, which is a synthetic radioisotope with a half-life of 4570 y, the
sample size amounts to only about 1014 atoms (corresponding to 27 ng), requiring a very
efficient injection into the EBIT. Therefore, a new EBIT, the Tip-EBIT, was constructed
and commissioned in the framework of this thesis. The Tip-EBIT features the wire probe
injection technique where the sample is placed on the tip of a thin wire (Elliott and Marrs,
1995). This wire is moved near to the electron beam in the Tip-EBIT such that collisions
of already trapped ions with the wire tip sputter atoms directly into the trapping volume.
It was shown that this technique allows an efficient injection of very small samples into
an EBIT (Elliott and Marrs, 1995). A wire probe injection setup for the Tip-EBIT was
developed, constructed and tested in the scope of this thesis.
The following chapters of this thesis are structured as follows: Chapter 2 outlines the
theoretical concepts of electron beam ion traps. An overview of the Pentatrap setup
is given at the beginning of chapter 3. This chapter continues with a description of the
Tip-EBIT and the test setup which is used for the commissioning. Furthermore, details
of the design and construction of the wire probe injection setup are presented. The third
chapter concludes with the successful first operation of the Tip-EBIT. In chapter 4 the
main experimental results concerning the commissioning of the Tip-EBIT are presented.
In detail, the calibration of the Wien filter and the extraction of argon and xenon ions
from the Tip-EBIT are discussed. Furthermore results of charge breeding simulations for
argon and holmium are presented and in the case of argon compared to the measurements.
Finally, the results of the first tests using the wire probe injection setup are presented.
Chapter 5 concludes this thesis with a summary and an outlook.

Chapter 2
Theoretical concepts of electron
beam ion traps
An electron beam ion trap (EBIT) is a device capable of producing and trapping ions
in specific charge states. It was developed in 1988 by Levine et al. (1988, 1989) at the
Lawrence Livermore National Laboratory. The main interest in developing an EBIT was
the study of highly charged ions (HCI) and their interactions with electrons (e.g. ex-
citation, ionization, recombination) to gain insight into the physics of high-temperature
plasmas. For this purpose only high-energy accelerators, storage rings and hot plasmas
(e.g. in a Tokamak) were available at that time lacking controlled conditions for the HCI
and requiring large facilities for operation (Levine et al., 1988; Marrs et al., 1994). An
EBIT in contrast allows the production, trapping and the excitation of HCI within a
compact device using a beam of highly energetic electrons. Furthermore EBITs can be
applied as ion sources, especially if ions in high charge states are required. The use of
highly charged ions is again widespread having applications in industry (e.g. ion lithog-
raphy), medicine (e.g. tumor therapy) or science (e.g. high-precision mass measurements)
(Gillaspy, 2001b). EBITs operated today are nearly unlimited in the production of specific
HCI. The most powerful EBITs with electron beam energies on the order of 200 keV are
capable of producing HCI up to bare uranium U92+ (Marrs et al., 1994).
This chapter covers the relevant theoretical concepts of the operation of EBITs focused
on the use as a source for HCI. Section 2.1 explains the general working principle of an
EBIT. In the second and third section the relevant parameters of the electron beam and
the trapping potential are discussed. The ion motion and the interaction processes with
the electron beam are discussed in section 2.4 and 2.5. This chapter follows the description
given in Gillaspy (2001a), Currell and Fussmann (2005), Currell (2003) and Penetrante
et al. (1991).
2.1 General working principle of an EBIT
A general schematic overview of an EBIT is given in Figure 2.1. The main parts are the
electron gun, three cylindrically shaped electrodes (in the following referred to as the drift
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Figure 2.1: General working principle of an EBIT. Top: the three main parts are the electron
gun, the three trap electrodes (drift tubes) and the electron collector. The heated
cathode in the electron gun emits electrons (blue) which are accelerated towards
the drift tubes. A magnetic field compresses the electron beam, thereby increasing
the electron beam current density in the central drift tube. Bottom: the confining
potential for ions (red) is provided by the space charge of the electron beam (ra-
dially) and by suitable voltages applied to the drift tubes (axially). The trapped
ions are sequentially ionized to high charge states by electron impact ionization.
tubes) and the electron collector. The drift tubes are located inside an inhomogeneous
magnetic field which reaches its maximum in the center of the EBIT, inside the central
drift tube. The electron beam is produced by thermionic emission of electrons from a
heated cathode. When an extraction voltage of some kV is applied, an electron beam
is formed. The emitted electrons are accelerated by the voltage difference between the
cathode and the central drift tube. The increasing magnetic field between cathode and
the central drift tube compresses the electron beam, thereby increasing the electron beam
current density in the trap center. In the collector, which follows the drift tubes in the
path of the electrons, the beam expands due to the decreasing magnetic field and finally
collides with the collector material.
All relevant processes for the production of HCI take place in the central drift tube.
Neutral atoms or ions in a low charge state, which happen to come near to the electron
beam, are bombarded with a dense beam of highly energetic electrons. In these collisions
7 2.2. The electron beam
Table 2.1: Typical operation and mechanical parameters of the Tip-EBIT that are used for
the calculation of numerical values in this chapter. The Herrmann radius was cal-
culated using equation (2.3) taking into account the not precisely known cathode
temperature.
Parameter Value
Electron beam energy Ee = 8 keV
Electron beam current Ie = 60 mA
Magnetic field in the trap center B = 850 mT
Herrmann radius rhe = (71.4± 1.1) µm
Cathode radius rc = 1.7 mm
Cathode temperature Tc = (1450± 100) K
Drift tube inner radius rDT = 2.5 mm
electrons from atoms or ions are removed by electron impact ionization (EI). Once the
neutrals are ionized they become trapped. The confining potential in the radial direction
is formed by the space charge of the electron beam and is on the order of several tens
of volts (see section 2.2). Axially the ions can be trapped by biasing the two outer drift
tubes between ten to several hundred volts higher than the central drift tube. Typical
parameters for the Tip-EBIT which will be used in calculations in the following sections
are given in Table 2.1.
2.2 The electron beam
Compared to the outer electrons of neutral atoms, the outer electrons in ions are more
strongly bound to the nucleus. This requires a larger energy to remove further electrons
from the ions. Figure 2.2 shows the ionization potentials for a selection of elements as
a function of their charge state. Since the ionization cross sections of ions are reduced
strongly as the charge state increases (Lotz, 1967), a highly energetic and dense electron
beam is required to achieve a sufficient ionization rate. The magnetic compression of
the electron beam and the consequently increasing electron density can be understood by
looking at the radius of the circular motion of an electron in a magnetic field (Steinbrügge,
2015): The Lorentz force acting on the electrons emitted from the heated cathode forces
them onto a circular orbit with a radius re. The magnetic flux enclosed by this circular
orbit, Φ = pir2eB, is conserved (according to Gauss law for magnetism). If the radius of






where Bc is the magnetic field at the position of the cathode.
More thorough models are described by Brillouin (1945) and Herrmann (1958). Bril-
louin (1945) assumes zero electron temperature and a vanishing magnetic field at the
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Figure 2.2: Ionization potentials as a function of the charge state for various elements. Data
from Kramida et al. (2015).












is the velocity of the electrons with U being the acceleration voltage and 0
is the vacuum permittivity. For typical parameters of the Tip-EBIT (see Table 2.1), the
Brillouin radius of the electron beam is rbe = 25.3 µm. Since for thermionic emission of
electrons the cathode has to be heated, the assumption of a vanishing electron temperature
is not realistic.
To be more realistic, the optical theory of Herrmann (1958) additionally takes into
account the finite temperature of the cathode and a residual magnetic field at the cathode
position. The Herrmann radius rhe is defined by the radius through which 80 % of the















where rbe is the Brillouin radius from equation 2.2, kB the Boltzmann constant, Tc the
temperature at the cathode and rc the radius of the cathode. The smallest electron beam
radius is achieved when the magnetic field at the position of the cathode vanishes, Bc = 0.
In the Tip-EBIT the position of the cathode can be adjusted, ideally to the position
where the magnetic field vanishes. Assuming the magnetic field to vanish at the cathode
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position and an uncertainty of 100 K for the cathode temperature, the Herrmann radius
of the Tip-EBIT is evaluated to be rhe = (71.4± 1.1) µm.
In the current setup it is not necessary to measure the electron beam radius exper-
imentally. There are several measurements published where a good agreement of the
Herrmann radius and the measured electron beam radius resulted for high-energy EBITs
(Knapp et al., 1993). For EBITs operated at smaller energies the agreement is still good,
but the real electron beam radius is about 20 % smaller than the Herrmann radius (Silze
et al., 2008).
Assuming the electrons to be homogeneously distributed in a cylinder with radius re






= 375 Acm2 . (2.4)
Here, Ae is the cross-sectional area of the electron beam. In this equation and all sub-
sequent formulas re is always the radius of the real electron beam. For the calculations
and given numbers, re = rhe and the typical values from Table 2.1 are used. Note that
even though the current density je depends linearly on the electron current Ie, the current
density does not increase linearly if the current is increased since also the electron beam







= 4.4× 1013 1cm3 (2.5)
and determines the depth of the radial trapping potential for the ions (see next section 2.3).
For the electron beam to reach the collector all potentials have to be higher than the
potential at the cathode which is set to a negative voltage Uc. The energy of the electron
beam can be varied by changing the positive voltages on the drift tubes UDT or the negative
voltage of the cathode Uc. The positive ions trapped in the central drift tube cause an
additional potential Vions. Additionally the cathode material causes a small potential Φw
(a few eV for barium) due to its work function. Including the space charge potential of
the electron beam from equation (2.8) and summing these potentials, the electron energy
in the central drift tube is given by (Steinbrügge, 2015)
Ee = e (UDT − Uc) + Vsp + Vions + Φw. (2.6)
Note that the typical value for Ee given in Table 2.1 is approximately calculated from
Ee = e (UDT − Uc).
2.3 Electrostatic trapping potential
The confining electrostatic potential the ions experience is composed of the space charge
potential of the electron beam Vsp(ρ), the potential due to the voltages applied to the drift
tubes VDT(ρ, z) and a correction term Vcor(ρ, z) which is caused by changes of the potential
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on the drift tube walls due to the image charge induced by the electron beam. The total
potential is (Gillaspy, 2001a)








In the general case also the potential of the ions ∑i Vi(ρ, z) in charge states i has to be
included in the electrostatic potential, which is discussed in appendix A.1 but is left out
in the following discussion since it is not essential to the experimental work in this thesis.
The potential caused by the space charge of the electron beam Vsp(ρ) can be calculated as-
suming a cylindrically symmetric electron beam with homogeneously distributed electrons
































= 10.2 V. (2.9)
Vsp(ρ) is shown in Figure 2.3 from the center of the electron beam up to the inner radius of
the central drift tube. With respect to the potential at the central drift tube, the potential
depth in the center of the electron beam is nearly 80 V.
2.4 Ion motion
The trapping of ions in an EBIT is achieved by the combination of the electron beam
space charge and suitable voltages applied to the drift tubes. To complete the description
of ion confinement in an EBIT, the ion motion and the shape of the ion cloud due to the
radial and axial potentials will be discussed in this section.
Starting from the Lagrangian for the trapped ions the equations of motion and the
effective potential the ions experience can be deduced. The equations of motion lead to
an effective potential for the ion motion given by (Gillaspy, 2001a)





Here, B is the magnetic field and q and m are the charge and the mass of the ion,
respectively. Pφ is the conserved generalized angular momentum
Pφ = mρ2φ˙− qBρ
2
2 . (2.11)
The effective potential is shown in Figure 2.4 for Ar18+ and its effect on the ion motion
will be discussed in the following two paragraphs.
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Figure 2.3: Radial potential due to the electron beam space charge plotted using equations (2.8)
and (2.9). The blue curve corresponds to the potential shape inside and the orange
curve to the potential shape outside of the electron beam. The inset shows the
magnified potential curve near the electron beam and the electron beam radius (rhe )
marked with a vertical black line. An adequate offset was added to equation (2.8)
in order to yield zero potential at the position of the drift tube.
Angular and radial motion of the ions
For the z-independent motion only the motion due to the space charge potential of the
electron beam and the magnetic field is considered. Figure 2.4 shows the effective potential
according to equation (2.10). The curve rises sharply towards ρ = 0 for Pφ 6= 0 and it can
be seen that it has a similar shape as the potential of a diatomic molecule. This originates
from centrifugal repulsion and conservation of angular momentum and prevents the ions
from being in the center of the electron beam. The minimum results from the attractive
force of the electron beam’s space charge. Under certain conditions, assuming only HCIs
in the trap (e.g. by creating a shallow axial trap), most of the ions will be trapped inside
the electron beam. In this case it can be shown that the potential is independent of
Pφ and for small oscillations the radial potential can be approximated by a harmonic
oscillator with characteristic frequency ωρ (Gillaspy, 2001a). The angular frequency ωφ
can be determined from the generalized angular momentum given in equation (2.11) and
describes the frequency of the circular motion of the ions around the axis of the electron















= 2pi · 133 MHz, (2.13)
using typical values of the Tip-EBIT. The numbers have been calculated for Ar18+ ions.
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Figure 2.4: Effective potential from equation (2.10) for the angular and radial motion of Ar18+
ions for several values of Pφ. The vertical black line marks the radius of the electron
beam. For this plot a formula using ‘natural’ units for Pφ was used (Gillaspy,
2001a).
Axial motion and coupling of the ion motions
The three central drift tubes in the center of the EBIT form an approximately harmonic
potential close to the trap center. The complete effective potential for the ion motion is
given by (Gillaspy, 2001a):















Here, the second term is the harmonic potential due to the potentials applied to the drift
tubes which was added to the effective potential for the radial motion from equation (2.10).
More realistically the axial potential in an EBIT has the shape of a square-well potential.
In this case also higher order derivatives of the potential have to be taken into account
and the radial and axial potentials are no longer separable. This leads to a coupling of
the ion’s radial, angular and axial motions.
Also mechanical imperfections and misalignments breaking the cylindrical symmetry
of the EBIT, e.g. a misalignment of electron beam and drift tubes lead to a coupling of
the ion motions. Therefore in any realistic EBIT the motions are coupled e.g. due to
misalignments, the anharmonicity of the axial potential, and imperfections.
Timescales of the ion motions
In Table 2.2 an overview of the different timescales for the ion motions is given. Notable
here is that the ion motion in the trap is the fastest and the ions can move through the
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Table 2.2: Timescales of the ion motion of the most important processes in an EBIT. Adapted
from (Gillaspy, 2001a).
Motion Timescale
Radial motion 10 ns
Axial motion 100 ns
Ion-ion collisions 0.1 to 1 ms
Ionization (high charge state) 10 ms to 10 s
Axial escape 100 ms to hours
complete available phase space in the trap before other processes happen. Furthermore
collisions between ions happen faster than processes changing the charge state or forcing
ions to leave the trap. Therefore, one can assume the ions to be in thermal equilibrium
and assign a characteristic temperature Ti for ions in a charge state i (Gillaspy, 2001a).
2.5 Interaction between electron beam and ion cloud
In the trap region where the ion cloud and the electron beam overlap, a variety of processes
take place having a strong influence on the charge state and the number of trapped ions.
An overview of the most important processes is given in Table 2.3. In this section these
processes will be discussed starting with the charge changing processes within the electron
beam followed by charge exchange with background gas. Finally, the full rate equation,
incorporating the named processes, will be presented.
2.5.1 Charge changing processes within the electron beam
The most fundamental process for the operation in an EBIT is the electron impact
ionization (EI). In this process the ions are initially created from neutral atoms and
subsequently ionized to high charge states. As visualized in Figure 2.5 an electron from
the electron beam impacts on an electron bound in the ion and removes it from the ion
due to the energy transfer in the collision. EI is possible if the center of mass energy in the
collision process is larger than the ionization potential. The process can be represented
by the following equation (Quint, 2014):
Ai+ + e− → A(i+1)+ + 2e−, (2.15)
where Ai+ stands for an element A in the charge state i+. As stated above, the cross
section for this process is given by a semi-empirical formula by Lotz (1967), which is
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Table 2.3: Overview of the different processes in the electron beam of an EBIT. i denotes the
charge state of an ion. In general also higher order processes such as double or triple
ionization are possible but the cross sections are at least two orders of magnitude
smaller than the first order processes due to the low particle densities in an EBIT
(Gillaspy, 2001a). Table adapted from Gillaspy (2001a).





i = 0 → i = 1 Ionization heating
(IH)




EI i → i+ 1 IH
Radiative recombi-
nation (RR)
i → i− 1 IH
Ion and ion Elastic scattering none Energy exchange
Ion and neutral Charge exchange i → i−1 and i′ = 1 IH, Coulomb explo-
sion heating
Here, aij, bij and cij are empirical constants, qij is the number of electrons in the j-th
shell and Pij the ionization potential. As a rule of thumb, this cross section is maximal
if the electron beam energy is about three times as large as the ionization potential. For
















where Ni is the ion density in charge state i and f(re, ri) a spatial overlap factor between
ion cloud and electron beam (beam-ion overlap) given by the ratio of ions inside the
electron beam N ini to the number of total ions N toti (Gillaspy, 2001a).
In contrast to EI, radiative recombination (RR) reduces the charge state of the
ions. An ion in the electron beam captures a free electron and recombines by emission
of a photon with energy ~ωRR as visualized in Figure 2.5. The reaction equation for this
process is given by (Kim and Pratt, 1983; Quint, 2014)
Ai+ + e− → A(i−1)+ + ~ωRR. (2.19)
Since the energy is conserved in this process the energy of the RR photon is given by
~ωRR = Ee + Ip, (2.20)














Figure 2.5: Electron impact ionization (EI) and radiative recombination processes (RR). In EI
(a), a free electron from the electron beam impacts on an electron bound in an
ion and removes it from the ion in the collision process. A possible recombination
process is RR (b) where a free electron from the electron beam recombines with an
ion and a photon is emitted. Since this process is possible for any electron beam
energy it is not resonant. Note that in (a) the free electron should have a lower
energy after impacting on the bound electron. This was omitted due to illustration
purposes. ∞ denotes the continuum.
where Ip is the ionization potential of the state into which the electron recombined. The
emitted photon can have any energy depending on the initial energy of the recombined
electron. Hence, radiative recombination is a non-resonant process. The RR cross-section
can be estimated from the inverse process, the photoionization (Quint, 2014). Including
further numerical considerations, the RR cross-section was calculated by Kim and Pratt


















with α being the fine structure constant, λe the Compton wavelength of the electron, IH
the ionization potential of the hydrogen atom and Zeff = 12(Z + q) the effective charge (Z
is the nuclear charge and q is the ion charge state). (n0)eff = n0 + (1 −Wn0) − 0.3 is an
effective quantum number where n0 is the valence shell number and Wn0 the fraction of
unoccupied states in the valence shell n0. With this cross section again a rate of RR can







In order to complete the relevant processes in the electron beam a source rate describing the
injection of low charged ions or neutral atoms has to be included. Since in the Tip-EBIT
mostly gas injection or sputtering is used, the injection of neutral atoms is considered.
The injection rate (if constant) with a neutral gas density Ninj can be described in the
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same form as EI and RR with the electron impact ionization cross section (Penetrante







There are two further processes taking place in the region where the electron beam and the
ion cloud overlap. These are the electron impact excitation (EE) and the dielectronic
recombination (DR). Both processes will not be relevant for the experimental parts of
this thesis and just a short overview is given. After several EI steps there are a number of
unoccupied states that can be populated. If a free electron from the electron beam impacts
a bound electron and Ee is larger than the energy difference between the initial state and
some unoccupied final states the bound electron can be raised to an excited state. The
excited state after excitation will again radiatively decay (see Figure 2.6). The reaction
equation for EE is given by (Quint, 2014)




+ e− → Ai+ + e− + ~ω. (2.24)
[Ai+]∗ denotes the excited state of the ion. In contrast to the processes discussed so far
DR is a resonant process that occurs if an electron from the electron beam is captured in
an unoccupied excited state of an ion and transfers the energy to a core electron without
photon emission (see Figure 2.6). The core electron is then raised to an excited state
followed by a subsequent de-excitation and emission of a photon (Quint, 2014):
Ai+ + e− →
[
A(i−1)+
]∗ → A(i−1)+ + ~ωDR. (2.25)
2.5.2 Charge exchange with background gas
An ion Ai+ trapped in the EBIT can gain one or more electrons in a collision with atoms
from the surrounding background gas (Gillaspy, 2001a) by a charge exchange (CE)
process:
Ai+ + B→ A(i−p)+ + Bp+. (2.26)
Here, B is a neutral background gas atom and p is the number of electrons transferred from
the atom to the ion. In the following only p = 1 will be considered. For the cross-section
of this process there are only empirical scaling laws known, e.g. by Müller and Salzborn
(1977) which are valid for collision energies below 25 keVu (Penetrante et al., 1991):
σCEi→i−1 = 1.43 · 10−12i1.17I−2.76p , (2.27)
with i being the ions’ charge state and Ip the ionization potential (in eV) of the neutral
atom. In the simulations described in section 4.4 the empirical cross-section from Janev
et al. (1983) for electron capture collisions of hydrogen (assumed as the only background
gas) with ions (average ion velocity vi in units of the Bohr velocity) is used:
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In analogy to the rates discussed before the rate for this process is given by (Gillaspy,
2001a):
RCEi→i−1 = NiN0σCEi→i−1(vi), (2.29)
where it is assumed that the overlap factor f(re, ri) is equal to one. For each charge
exchange process a singly charged ion is created resulting in the additional source term
(Gillaspy, 2001a):
RCE1 = NiN0σCE1 (v1). (2.30)
2.5.3 Rate equation
The complete rate equation describing the time evolution of the ion densities in charge
state i is given by the sum of the processes discussed in this section (Penetrante et al.,




= REIi−1→i −REIi→i+1 +RRRi+1→i −RRRi→i−1 +RCEi+1→i −RCEi→i−1 +RCE1
−RaxESCi −RradESCi +RS1
(2.31)
where the respective rates for axial and radial escape of ions RaxESCi and RradESCi are
included. The axial escape rate is discussed in appendix A.2 in the context of ion heating
and energy exchange between the ions. The complete rate equation can be numerically
solved (see section 4.4) and then gives information about the evolution of the different
charge states in an EBIT. Furthermore the equation describes all rates that are present
in general, however, for certain settings some rates may have to be modified or vanish
(Currell, 2003). For example if the ionization potential rises above the energy of the
electron beam the cross-sections for the ionization to higher charge states vanishes.





excited state final state
~ωEE





excited state final state
~ωDR
(b) Dielectronic recombination.
Figure 2.6: Electron impact excitation (EE) and dielectronic recombination (DR) processes.
In an ion there are several unoccupied states that can be populated by electrons.
In a collision process between an electron from the electron beam and an electron
bound in the ion, the bound electron can be raised to an excited state (a). This
excited state will again radiatively decay by emission of a photon with energy
~ωEE. It is also possible that an electron from the electron beam is captured
directly into an unoccupied excited state (e.g. into the L-shell) if the energy for
this recombination process equals the energy to raise an electron from the K-shell
to the L-shell (b). The resulting excited state will again radiatively decay under
emission of a characteristic photon with energy ~ωDR. Since this is only possible
for certain electron beam energies, DR is a resonant process. Note that in EE the
free electron has a lower energy after impacting on the bound electron. This is
omitted due to illustration purposes.
Chapter 3
Experimental setup
The Pentatrap experiment is a high-precision Penning-trap mass spectrometer located
at the Max-Planck-Institute for Nuclear Physics in Heidelberg aiming at measurements of
mass ratios of highly-charged ions (HCIs) with a precision of a few parts in 1012 (Repp
et al., 2012). Mass measurements in Penning traps rely on the determination of the
free-space cyclotron frequency, which scales linearly with the charge q of the ion (see
section 3.1). The use of HCI in mass measurements thereby increases the measurement
precision if the relative precision of the frequency measurement stays constant. Further-
more, HCIs induce a larger image current in the trap electrodes leading to a stronger input
signal for the detection system, hence leading to a better signal-to-noise ratio. However,
the induced image charge alters also the confining potential at the position of the HCI
leading to systematic uncertainties. In the case of the measurement of a mass ratio as in
the Pentatrap experiment, the image charge effect on the ratio becomes negligible since
the reference ion and the ion of interest have nearly the same mass (Roux et al., 2012).
Among other measurements, Pentatrap aims to contribute to an improved upper
limit on the electron neutrino mass within the ECHo collaboration by a measurement of
the mass ratio of 163Ho and 163Dy. Since 163Ho is a very rare isotope, an efficient injection
into the EBIT has to be realized. Therefore, in the scope of this thesis, a new EBIT, named
the “Tip-EBIT” is built up featuring the wire probe injection technique, which allows an
efficient injection necessary when using rare isotopes (Elliott and Marrs, 1995). Before the
Tip-EBIT is connected to the Pentatrap beamline, a test setup for the assembly and
commissioning phase is used.
The EBIT was developed by the EBIT working group at the Max-Planck-Institute for
Nuclear Physics in Heidelberg, with two more EBITs of the same type currently being in
the commissioning phase (Micke et al., 2017; Kühn, 2017). The prototype of this EBIT is
in operation as a source of HCI for the Alphatrap experiment (Egl, 2016).
This chapter contains a description of the various components of the test setup: The
permanent magnet EBIT, the wire probe system as well as of the diagnostic equipment
used to measure the results presented in this thesis. The first section (3.1) starts with a
description of the complete Pentatrap experiment and concludes with the presentation of
the overall setup when the Tip-EBIT will finally be attached to the Pentatrap beamline.
In the following sections first an overview of the test setup of the Tip-EBIT is given
19
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(a) (b)
Figure 3.1: Two possible electrode configurations of a Penning trap. Both configurations have
three electrodes, two endcaps and a ring electrode in between. In (a) a Penning
trap with hyperboloidal electrode shape is shown where the electrodes are shaped
like the equipotential lines of the quadrupolar potential. The cylindrical electrode
configuration in (b) can also produce a quadrupolar potential with a correctly
chosen trap geometry and additional correction electrodes (see Gabrielse et al.
(1989)). Udc is the voltage applied between the ring electrode and the endcaps.
Figure taken from Blaum (2006).
(section 3.2), then the individual parts which play a key role for its operation are discussed
in more detail (section 3.3). Section 3.4 deals with the design of and the setup for the
wire probe injection technique and in the last section (3.5) the beamline and diagnostics
equipment used in the test setup for commissioning are presented.
3.1 The high-precision Penning-trap mass spectrom-
eter Pentatrap
Mass measurements in a Penning trap rely on the precise determination of the free-space






The magnetic field forces the ion on a circular orbit providing confinement in the radial
direction. In order to achieve a confinement of the ion in the axial direction as well a
quadrupolar electric field is superimposed. The electric field can be produced by applying
suitable voltages to either of the two electrode configurations shown in Figure 3.1.
This superposition of a homogeneous magnetic and a quadrupolar electric field leads
to three independent eigenmotions of the ion: the modified cyclotron motion (ω+), the
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axial motion (ωz) and the magnetron motion (ω−) with their respective frequencies given






















Here, Udc is the voltage applied between the ring electrode and the endcap electrodes
determining the depth of the axial trapping potential and c2 is the lowest order correction
coefficient (with the unit (length)−2) for a cylindrical Penning trap.
Using the Brown-Gabrielse invariance theorem, the free-space cyclotron frequency ωc
can be inferred from a measurement of the three eigenfrequencies of the ion (Brown and
Gabrielse, 1982):
ω2c = ω2+ + ω2z + ω2−. (3.5)
In the Pentatrap experiment, the frequencies of the three eigenmotions are measured
using the image-current detection technique (Wineland and Dehmelt, 1975).
Pentatrap employs a stack of five cylindrical Penning traps as shown in Figure 3.2 (a).
The cylindrical trap geometry has the advantage of easy access to the trap in the axial
direction for ion loading and moving the ions from one trap to another and is easier
to manufacture. It has the disadvantage of introducing higher order multipoles in the
trapping potential which can be corrected for to some degree with additional correction
electrodes (Roux et al., 2012).
Using five Penning traps allows the simultaneous measurement of the trap frequencies
of two ions (m1 and m2), the ion of interest and the reference ion, while the magnetic field
can be monitored using a third ion species (m3). A possible measurement scheme is shown
in Figure 3.2 (b). In the first step, the ions are prepared in the traps (see Figure 3.2 (b) a):
Ions of mass m1, m2 and m1 are loaded into the traps 2, 3 and 4, respectively. Trap 1
contains the monitor ion of mass m3. The free-space cyclotron frequencies of the ions in









Following the measurement, the ions are adiabatically moved one trap further to the








Assuming only first order B-field fluctuations, e.g. a drift, the mass ratio of the ions is
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(a)
(b)
Figure 3.2: (a) Pentatrap trap tower consisting of five cylindrically shaped Penning traps
and (b) measurement procedure with the potential wells of the five traps shown in
blue. For details on the measurement scheme see text. (b) taken from Repp et al.
(2012).
One of the first measurements of the Pentatrap experiment is the measurement of the
mass ratio of 163Ho and 163Dy for the ECHo collaboration. The ECHo collaboration aims
at improving the upper limit of the electron neutrino mass down to the sub-eV range by
investigating the electron capture process in 163Ho (Gastaldo et al., 2014). Currently, the
upper limit is mνe < 225 eV/c2 (95 % C.L.) (Springer et al., 1987). In the electron capture
process, the 163Ho nucleus captures an electron from an inner shell, thereby decaying to an
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excited state of 163Dy∗. 163Dy∗ de-excites into its ground state releasing the total available
energy for the decay QEC:
163Ho → 163Dy∗ + νe
→ 163Dy + νe +QEC.
(3.9)
The ECHo collaboration focuses on the measurement of the de-excitation spectrum of
163Dy∗ using metallic magnetic calorimeters (MMCs) (Gastaldo et al., 2014). MMCs
are operated at very low temperatures (< 50 mK) and reach a high energy resolution
of about 2 eV (at 6 keV). For these measurements the 163Ho is directly implanted into
the MMC absorber ensuring that emitted X-rays and Auger electrons are absorbed in
the detector. The resulting de-excitation spectrum of 163Dy∗ is fitted with a theoretically
calculated spectrum. This fit yields the electron neutrino mass andQEC among other decay
parameters. Pentatrap will provide an independent consistency check of the analysis of




Samples of 163Ho are produced by neutron irradiation of enriched 162Er targets in research
reactors (e.g. at the Institut Laue-Langevin in Grenoble). Following the capture of a
thermal neutron in the reactor, 163Er is produced and decays in an electron capture process
to 163Ho with a short half-life. From several tens of mg of erbium up to 1019 163Ho
atoms are produced. The typical sample size available for the Pentatrap experiment
after a complicated chemical and mass spectrometric cleaning procedure (Schneider et al.,
2015) contains about 1014 atoms corresponding to 27 ng. Therefore an efficient production
technique for HCIs of 163Ho is required.
The ion source of choice for Pentatrap is a compact room temperature EBIT em-
ploying the wire probe injection technique (Elliott and Marrs, 1995). The HCIs are guided
through the Pentatrap beamline and injected into the Penning traps for a measurement
of the mass ratio as described above. In Figure 3.3 the planned final setup with the Tip-
EBIT attached to the Pentatrap beamline is shown. A second EBIT, the commercial
Dresden EBIT1, is connected straight to the beamline while the Tip-EBIT is attached
with an electrostatic bender. The ions of interest are selected from the ions ejected from
the EBITs using a 90° bender magnet. After ion selection a second electrostatic bender
guides the ions towards the Penning traps inside the superconducting magnet.
3.2 Overview of the test setup
An overview of the test setup for commissioning the Tip-EBIT and testing the wire probe
injection technique is given in Figure 3.4. Starting from the left the electron gun setup can
be seen. The manipulator allows the electron gun to be moved into the magnet structure
of the EBIT and to be adjusted precisely for optimal transmission of the electron beam
1http://www.dreebit-ibt.com/product/dresden-ebit.html, last visited May 31, 2017
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Figure 3.3: Planned final setup of the Pentatrap experiment including the Tip-EBIT. The
superconducting magnet housing the five Penning traps is one level below the beam-
line. Two EBITs are used for the production of ions, one is the commercial Dresden
EBIT and the second is the Tip-EBIT attached to the beamline with an electro-
static bender. Following both EBITs a 90° bender magnet is used to select specific
charge states of the ejected ions. Using again an electrostatic bender the ions
are guided from the beamline down to the Penning traps. In the future also the








Figure 3.4: General overview of the test setup for commissioning of the Tip-EBIT. The complete setup is approximately 2.3m long.
The gas dosing valve (a) is mounted on the backside, the X-ray detector (b) on the front side of the EBIT. For details
see text.
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vacuum cross on the electron gun setup houses a support bearing for the rod. Underneath
the rod, the electron gun cabling towards the feedthrough flange is installed.
The drift tubes are inside the vacuum chamber embedded in the magnet structure
of the EBIT. The magnet structure consists of an iron yoke with embedded permanent
magnets2. In the center, around the drift tubes, the vacuum chamber is extended into
a cube with four DN40 CF ports which allow access to the ions trapped in the EBIT.
On the front (Figure 3.4 (b)) a silicon drift X-ray detector3 is attached to the cube. For
the injection of gases, a gas dosing valve is installed on the port at the backside of the
EBIT (Figure 3.4 (a)). On the port below the cube, a feedthrough flange for the drift
tube cabling and the connection to the turbo pump is installed. The last port on top of
the cube is used to move the wire probe into the trap region of the EBIT. Therefore the
complete wire probe injection setup is located on top of the EBIT.
On the right side, inserted into the conically shaped part of the vacuum chamber, the
water-cooled collector is mounted to the EBIT. Following the collector to the right, the
beamline and diagnostic components are attached. The first part the ions pass in the
beamline is the quadrupole lens, which allows to focus and to deflect the ions ejected from
the EBIT. A Wien-type velocity filter is then used to select ions with specific charge-to-
mass ratios. The beamline ends with the diagnostic chamber where a multichannel-plate
detector (MCP) and a Faraday cup are used to detect the ejected ions. In combination
with the Wien filter it is possible to measure the ion output of the EBIT as a function of
the charge-to-mass ratio and thereby quantify both the species and charge state (MCP)
as well as the number of ions in a specific charge state (Faraday cup). Details on the
measurement procedure are given in section 4.1.
3.3 Permanent magnet EBIT
The Tip-EBIT is a compact table-top EBIT using permanent magnets to create the mag-
netic field. In contrast to larger EBITs applying superconducting magnets there are some
advantages to use permanent magnets: since permanent magnets do not need to be cooled
to liquid helium temperatures the whole EBIT can be operated at room temperature.
Therefore, no maintenance of the magnets is required. The absence of superconducting
magnets further results in a very compact design with only 32 cm edge length of the magnet
structure. One disadvantage of using permanent magnets is that the peak magnetic field
is about a fifth of the magnetic field in a superconducting EBIT, thereby limiting the elec-
tron beam compression and electron beam current density. Furthermore, the operation
at room temperature does not provide the cryopumping effect, which allows to achieve
very low residual gas pressures in cryogenic EBITs. For the purpose of the production
of highly charged holmium ions in the range between Ho35+ to Ho40+ the electron beam
current density and energy as well as the residual gas pressure are sufficient and therefore
this EBIT represents a compact device for the production of HCI for the Pentatrap
experiment.
2https://www.supermagnete.de/scheibenmagnete-neodym/scheibenmagnet-durchmesser-45mm-
hoehe-30mm-neodym-n45-vernickelt_S-45-30-N, last visited May 31, 2017
3Ketek GmbH, model: AXAS-D with Vitus H50 silicon drift detector
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Figure 3.5: Rendered sectional-view of the EBIT setup showing the main parts. The green
cartridges housing the permanent magnets are partly removed for illustration pur-
poses. For details see text.
A sectional-view of the permanent magnet EBIT is given in Figure 3.5 showing just
the main parts of the EBIT. 72 NdFeB permanent magnets housed in the green cartridges
generate the magnetic field. The magnets are directly connected to the iron yoke which is
shaped to create a magnetic field such that the axial field has a maximum in the center of
the EBIT. The vacuum chamber is located inside the iron yoke and consists of two cones
which are attached to a central cube (edge length: 7 cm). Inside the cones, the electron
gun (left side) and the electron collector (right side) are placed. Between the electron gun
and the collector the drift tubes are located inside of the cube. The EBIT has vacuum
flanges to connect the electron gun chamber on one side and to eject the ions into the
beamline on the other side. In the following the important parts of the EBIT are again
discussed in greater detail.
Magnetic field
As mentioned before, the magnetic field of the Tip-EBIT is created by a number of perma-
nent magnets and shaped by an iron yoke to achieve a peak magnetic flux density in the
central drift tube. Figure 3.6 shows a rendered view of the iron yoke with the magnets (a)
and a picture of the assembled magnet structure (b). The permanent magnets are com-
mercially available NdFeB magnets and are of cylindrical shape with 45 mm diameter and
30 mm length. The magnets are attached to the iron yoke pieces in stacks of three adding
up to 72 magnets in total. In order to add stability to the magnet stacks the magnets are
surrounded by cartridges manufactured from aluminium.
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(a) (b)
Figure 3.6: (a) Cut through the CAD model of the permanent magnet structure with partially
transparent cartridges showing the stacks of permanent magnets. Inside the iron
yoke the vacuum chamber is placed. The cone-shaped parts of the iron yoke (shown
in gray) extend into the cube of the vacuum chamber near to the trap region of
the EBIT. (b) Assembled magnet structure of the Tip-EBIT. The cartridges are
anodized in green and show the three layers of magnets. On top of the magnets
are the iron yoke parts for the flux return.
The main part in the assembly of the iron yoke is the insertion of the individual magnets
into the cartridges of the iron yoke. Since the magnetization of the individual magnets
differs slightly from one magnet to another, the individual magnets are characterized using
a Hall probe prior to the assembly. Furthermore, while characterizing the magnetization
also the polarity of the magnets is measured and marked on the magnets to simplify the
assembly later on. The magnets with a stronger magnetization are mounted to the iron
yoke first such that these are nearer to the vacuum chamber.
Before the magnets are attached to the iron yoke, the iron yoke is built around the
vacuum chamber. First, the inner iron yoke parts extending into the cube of the vacuum
chamber are added (conically shaped part of the iron yoke directly around the vacuum
chamber, see Figure 3.6 (a)). The black iron yoke parts are fixed with screws on the
already mounted parts and metal holders visible in Figure 3.6 (b) (directly following the
flange) are added to fix the chamber to the iron yoke.
The magnets are added piece by piece onto the iron yoke starting at one side of the
yoke. First, one of the green cartridges is placed on one side of the iron yoke and the
magnets are inserted into the cartridge. When one layer of magnets has been added, the
next cartridge is put on top and filling of the next layer with magnets starts. When three
layers of magnets have been added, the same side but opposite of the cube is filled next.
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Figure 3.7: Measurement of the axial magnetic field using a Hall probe to find the zero crossing
of the magnetic field. In the inset the measurement points around the zero-crossing
are shown. The error of the magnetic field measurement corresponds to the error
of the Teslameter and is 0.05% of the measured value. Horizontally, the error is
0.5mm and results from positioning the Hall probe by hand. Error bars that are
not visible are smaller than the individual points.
The same procedure is repeated for the opposite side of the iron yoke. The remaining
magnets are added to the free iron yoke sides in the same order as described.
While adding magnets to the iron yoke, it is important to reduce the shock when the
magnet connects to the iron yoke or on the magnets underneath4. Therefore, a tool which
holds back the magnet is used to insert the magnets slowly into the cartridges.
When all the magnets are added, the outer part of the iron yoke for flux return is
mounted. The assembled magnet structure with the vacuum chamber inside is shown
in Figure 3.6 (b). Using a Hall probe, the magnetic field inside the cube was roughly
estimated to be about 850 mT.
Simulations and measurements of the magnetic field of the EBIT have been done for
two construction-wise identical EBITs to the Tip-EBIT. The simulated and measured
magnetic fields are in good agreement for both EBITs (Cieluch, 2016).
For the initial positioning of the cathode it is important to know at which position the
axial magnetic field vanishes. At this position of the cathode the maximal compression
and therefore the best transmission of the electron beam is achieved (see section 2.2).
Hence, the axial magnetic field in the range where the magnetic field vanishes (known
from simulations) was measured using a Hall probe5. Figure 3.7 shows the measured axial
magnetic field as a function of the distance from the center of the EBIT. From the graph
4NdFeB is a porous material that can be easily damaged mechanically but also the magnetization may
decrease upon a shock.
5Cunz GmbH & Co. KG/F.W. Bell (Sypris) model 7010 Gauss/Teslameter
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one can conclude, that the initial cathode position should be about 100 to 101 mm from
the trap center to achieve the maximal beam compression towards the trapping region. In
Figure 3.7, the horizontal error bars of ±0.5 mm result from the positioning of the Hall
sensor which was done manually. The vertical error bars (not visible) result from the
teslameter and correspond to 0.05 % of the measured value. Since the magnetic field near
the zero crossing is measured, the vertical error bars are mostly smaller than the size of
the individual datapoints due to the relative error. As the position of the zero crossing
is only needed as a rough estimate, this precision is sufficient. In practice, the position
of the cathode is optimized by maximizing the transmission of the electron beam through
the EBIT.
Electron gun
Figure 3.8 shows the CAD model of the fully assembled electron gun (a) and a cross section
through it (b). The electrodes of the electron gun are separated by ceramic rods and tubes
(shown in yellow) which isolate the electrodes from each other and fasten the structure
of the electron gun. At the very ends of the ceramic tubes, small flags are used for the
electrical connections (spot-welded to stainless steel wire). The electron gun holder at the
backside is used to fix it via a long stainless steel rod to a XYZ-manipulator and allows
to adjust the gun position (see also Figure 3.4).
During operation, the cathode6 is heated to a temperature of about 1450 K at which
electrons are emitted thermionically from the cathode material. The cathode holder there-
fore consists of molybdenum which resists these very high temperatures. The emitting
surface is made out of porous tungsten in which barium oxide is dispersed (Spectra-Mat,
Inc., 2014b). When heated up, the low work function of barium allows electrons to leave
the cathode material. Using an anode biased to a positive voltage relative to the cath-
ode, the electrons are accelerated towards the anode. In order to increase the extraction
voltage, the cathode is typically biased by a few negative kV.
Between the cathode and the anode, the focus electrode is placed, which allows to focus
the electron beam by applying a negative voltage. If this negative voltage is increased,
fewer electrons can pass and the electron beam current can be varied. In order to stop
the electron emission altogether either the focus voltage is increased to even higher values
or the bias of the cathode is switched off. The latter is the fastest way to switch off the
electron beam in the Tip-EBIT.
The assembled electron gun is shown in Figure 3.8 (c). Due to the sensitivity of the
cathode to air humidity (Spectra-Mat, Inc., 2014b), a glove bag filled with dry nitrogen
was used for its protection during assembly.
Prior to the assembly, the wires for cabling should be prepared. For cabling of the
electron gun, four stainless steel wires of 0.6 mm diameter and a length of 1 m are used
to be able to connect the electron gun to the feedthrough at the other end of the long
steel rod. On the left side of Figure 3.8 (c) the small stainless steel flags used for the
6Spectra-Mat, Inc., manufactured with a diameter of 0.134 in, a spherical radius of 0.394 in and a type
M coating
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Figure 3.8: Rendered models of the electron gun (a) and (b) and a picture of the assembled
electron gun (c).
electrical connections are visible. One end of the stainless steel wires is spot-welded to
these stainless steel flags. In total, three of these cables need to be prepared, the fourth
cable is clamped in the electrical connection to the cathode (see Figure 3.8 (b) and (c)).
The assembly of the electron gun starts with the cathode holder in the center of the
electron gun. Between the two cathode holder parts the cathode is inserted. When the
two holders are fixed together with molybdenum screws, the cathode is clamped between
them. The construction continues with the electrical connection to the cathode filament on
the back of the cathode holder and the attachment of the electron gun holder. In order to
complete the assembly, the front part of the electron gun consisting of the focus electrode
and the anode is mounted. Similar to the drift tubes, the electrodes in the electron gun
are separated by ceramic rods and tubes which isolate the different electrodes from each
other and fix the distances between the electrodes. The whole structure is held together
by threaded rods inside of the ceramic tubes. These extend from the back of the electron
gun where the electrical connections with the flags are made to the respective electrodes.
Thereby, also the electrical connections to the electrodes from the flags are provided by the
threaded rods. For cabling, the electron gun is attached to one side of the long stainless
steel rod, the feedthrough flange to the other side. The flags with the spot-welded wires
are attached to the back of the electron gun and isolated up to the feedthrough using
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ceramic tubes and beads. The isolated cables are guided to the feedthrough underneath
the rod using three cable holders.
Drift tubes
The six trap electrodes (referred to as drift tubes or DT in the following) of the Tip-EBIT
are shown in Figure 3.9. The individual drift tubes are held in place by ceramic rods and
the spacing between the drift tubes is fixed by the ceramic spacers. In the figure, the
electron gun would be placed on the left side such that the electron beam first enters the
trumpet shaped drift tube (DT1). The first three drift tubes can be used as an Einzel lens
to focus and further enhance the transmission of the electron beam.
In the central drift tube (DTC) four large cutouts allow optical and mechanical access
to the trapping region. The upper cutout is used to move the wire probe to the trapping
region. All other cutouts are covered with a mesh wire to improve the homogeneity of the
drift tube potential in the trap center and therefore only allow optical access, e.g. for the
X-ray detector. The potential distortion caused by the open cutout is addressed later in
this section. The drift tubes on either side of the central drift tube (DT3 and DT4) are
used to create the axial trapping potential by biasing them positivly with respect to DTC.
For ion extraction, DT4 is pulsed to a lower voltage than the central drift tube for a short
extraction time, thereby removing the barrier for the ions.
As can be seen in Figure 3.9 (b), the drift tubes are designed to overlap such that the
potential along the electron beam axis is always well defined by the voltages applied to
the drift tubes. The ceramic spacers therefore have to be precise in length to ensure that
the individual drift tubes are not in electrical contact.
A picture of the assembled drift tubes is shown in Figure 3.9 (c). Before the drift tubes
are assembled, a thin mesh wire is laid around the cutouts of the central drift tube (visible
in the center of Figure 3.9 (c) behind the cabling). It is fixed by folding back the short
wire ends at one cutting edge of the mesh through the mesh on the other end.
The assembly of the drift tubes starts with the central drift tube and two of the long
ceramic rods onto which the drift tubes are threaded. The cabling of the individual drift
tubes is done before adding them to the ceramic rods. All cables are fixed with M1.6
threaded pins (visible on the right part of the central drift tube in Figure 3.9 (c)). The
length of these threaded pins is customized for each drift tube. For the cabling of the drift
tubes, 0.6 mm silvered copper wire7 was used.
For the following drift tubes the wire is isolated with a ceramic tube before it is threaded
on the two ceramic rods. Each ceramic tube has a specific length to isolate the wire when
it is guided through the holes in the other drift tubes. As the drift tube is threaded onto
the ceramic rods, also the ceramic tube has to be guided through the wire hole in the
central drift tube. Then the drift tube can be pushed into its final position. In this way,
all the remaining drift tubes are threaded onto the two ceramic rods with all the cables
on one side of central drift tube as shown in Figure 3.9.
7reichelt elektronik GmbH & Co. KG, part number: SILBER 0,6MM




Figure 3.9: Drift tube renderings (a) and (b) and the fully assembled drift tubes (c). The
drift tubes are numbered from DT1 to DT5 with the central one named DTC. The
electron gun would be positioned on the left such that the electrons enter the drift
tubes in the trumpet shaped DT1. Four long ceramic rods hold the drift tubes
in place, the ceramic spacers isolate the drift tubes from one another. Inside the
vacuum chamber the drift tubes are held in place by a drift tube holder on each
side. The holder is fixed with screws to the vacuum chamber and fixes the position
of the drift tube stack by contact pressure. In the center of (c) the cables are visible
which are guided through ceramic tubes. In order to fix the cabling on the drift
tubes small threaded pins (visible on some drift tubes) are used to clamp the wires
inside the respective holes. The mesh wire around the central drift tube is visible
in (c).
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Figure 3.10: Cabling of the drift tubes seen from below the EBIT through the feedthrough
flange. Near the central drift tube and the mesh wire the cables are isolated using
ceramic beads. The straight connections to the feedthroughs are isolated with
ceramic tubes.
In order to finish the assembly of the drift tubes the remaining two long ceramic rods
are inserted through the drift tubes. Here it is important to do this slowly since the rods
may cant and jam while inserting them. The drift tube stack is finally fixed with two
endcaps at both ends of the ceramic rods. Each of the long ceramic rods has a small notch
on both ends. The notches on all four ceramic rods have to be oriented to the outside.
When the endcaps are added onto the ceramic rods, the notches of the ceramic rods should
be visible through the notches going around the endcaps. A thin wire (copper wire with
0.3 mm diameter) is placed in the notches going around the endcap (see Figure 3.9) and
then twisted. By twisting the wire is tensioned and the endcap notches are fixed to the
notches in the rods.
Finally, the trumpet is added to the first drift tube. Since both the trumpet and the
first drift tube are made out of titanium, some indium is peeled over the thread on the
trumpet. In this way fretting between the two parts is avoided.
The drift tubes are inserted into the vacuum chamber from the side of the collector.
For the insertion, the wires of the already cabled drift tube stack are all bent towards
the electron gun side of the drift tubes. With the wires first, the drift tube stack is
inserted into the EBIT. When the first wires reach the cube they are pulled out towards
the feedthroughs while the drift tubes are slowly pushed further into the vacuum chamber
until they are at their final position. Using the wires, the drift tubes are correctly oriented
such that the cutouts are at the same positions as the ports on the cube.
Since the vacuum chamber on the electron gun side is slightly too short due to a leaky
weld seam that had to be redone, first the drift tube holder at the collector side is fixed
to the vacuum chamber. On the side of the electron gun where space is not limited as
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the electron gun is mounted onto a manipulator and can be freely moved, the drift tube
holder is fixed to the vacuum chamber using longer screws to overcome the gap caused
by the shorter vacuum chamber. Finally the wires are isolated using ceramic beads at
the curvature near the central drift tube and ceramic tubes for the straight part to the
feedthroughs as shown in Figure 3.10.
Central drift tube mesh wire: As described above, the mesh wire on one cutout of
the central drift tube is removed to be able to insert the wire probe. Since the mesh wire is
intended to restore the potential shape inside the drift tube to the potential shape without
cutouts, the removal has an impact on the potential inside the central drift tube. In this
section, the software Comsol (Comsol) is used to investigate this modified potential by
simulations for three different configurations (see Figure 3.11). Assuming the mesh to be
fine enough it is simulated as a thin metal layer that encloses all cutouts or leaves one
open (see Figure 3.11 (a) and (b)). Additionally, a third case with a wire probe inserted
into the cutout was simulated (see Figure 3.11 (c)). The central drift tube is biased to 1 V
to have a relative result that can be scaled to any applied voltage. In the third case the
wire probe is biased 0.3 % lower compared to the central drift tube to account for lowering
of the potential at the wire probe position due to the electron beams’ space charge.
The simulated potentials corresponding to a cut in the radial direction through the
center of the drift tube are shown in Figure 3.11 (d) - (f). As expected, for the fully closed
drift tube the potential is flat (Figure 3.11 (d)). With one cutout open, Figure 3.11 (e)
shows a clear deviation from the flat potential towards the cutout. Adding the wire probe
with a slightly smaller potential compared to the central drift tube results in a potential
that drops less towards the open cutout than without.
In order to quantify the deviation from the flat potential, the potentials shown in
Figure 3.11 are cut along the x- and y-direction and are shown in Figure 3.12. The cut
along the y-direction shows that if one cutout is left open the potential drops by more than
2 % at the position of the inner drift tube radius. If the central drift tube is biased to 6 kV
this corresponds to more than 120 V. This potential drop at the position of the inner drift
tube radius is larger than the potential depth due to the electron beam in the center of
the trap (cf. Figure 2.3) leading to a smaller potential well for the ions in the direction of
the cutout. In Figure 3.12 (b) the potential drop along the x-direction is shown. For the
open cutout the potential drop in the center is about 0.3 % corresponding to 18 V. Again
compared to the space charge potential due to the electron beam this reduces the radial
trapping potential in the center by about 25 %. With the inserted wire probe the potential
in the central region drops by 0.1 % and affects the trapping potential less. However, since
this is a cut only through the central region one can assume that the potential drop is
nearly as large as without the wire probe everywhere else along the axial axis due to the
1/r-dependence of the potential. Resulting from the open cutout at the top of the central
drift tube one can expect the trapping potential to be reduced towards the cutout and the
potential minimum shifted slightly into this direction.
Chapter 3. Experimental setup 36
(a) (b) (c)
(d) (e) (f)
Figure 3.11: Simulated drift tube configurations (a) to (c) and the resulting potentials in the
central plane (d) to (f). The z-axis shows the potential normalized to the potential
applied to the drift tube, the x- and y- coordinates are inmm. The potential in (d)
corresponds to (a), etc. In (a) the drift tube is completely closed with a thin metal
layer resembling the mesh wire. For (b) the metal layer was removed on one of
the cutouts and for (c) additionally a wire probe at a potential 0.3% lower than
the central drift tube was added. Note that the inner radius of the central drift
tube is 5mm. It is particularly visible in (e).
Electron collector
A model and a cross-sectional view of the electron collector is shown in Figure 3.13. The
electrons (emitted by the negatively biased cathode) are attracted by the collector (which
is at ground potential). Due to the decreasing magnetic field the electron beam is widened
such that the electrons eventually collide with the collector surface. The current of the
electron beam impinging on the collector is measured by connecting the collector via an
amperemeter to ground. The ratio of the electron beam current measured on the collector
and the current of emitted electrons (read out from the cathode heating power supply)
yields the transmission of the electron beam which is maximized by adjusting the electron
gun position.
The energy which is dissipated by the electrons colliding with the collector material is
removed by a water cooling circuit. Following the water cooled collector are two extraction
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Figure 3.12: Potential cut along the y- (a) and x-direction (b) extracted from the potential
in the central plane from Figure 3.11. The red, blue and green points show the
potential for the fully closed drift tube, the drift tube with one open cutout and
the drift tube with one open cutout and wire probe, respectively. The orange
dotted lines mark the inner radius of the drift tube.
electrodes which are more negatively biased than the cathode to suppress any electrons
from leaving the collector into the beamline.
The electron collector is of similar design as the electron gun, i.e. the electrode parts
are stacked using ceramic tubes and rods as spacers. Critical are the connections of the
flexible water tubing inside the collector which are welded to be leak tight. Before build-in
of the collector into the EBIT the electrical connections from the extraction electrodes to
the feedthroughs are made. A picture of the assembled collector is shown in Figure 3.13 (c).
3.4 Wire probe injection setup
A main part of this thesis was the design of the wire probe system shown in Figure 3.4
above the Tip-EBIT. This setup will be used for the injection of very rare elements, in
particular 163Ho, into the EBIT. The technique was developed by Elliott and Marrs (1995)
for the Lawrence Livermore super-EBIT and has since been applied also in other EBITs
(Nakamura et al., 2000). In their measurements the injected ions have been mainly studied
by a measurement of the emitted photons in the X-ray regime, e.g. for the determination
of differences in the nuclear charge radii of 235U and 238U (Elliott et al., 1998). In contrast
to the measurements performed with the HCIs trapped inside the EBIT in this case the
Tip-EBIT is used as an ion source and the ions are ejected.
The idea behind the wire probe injection technique is shown schematically in Fig-
ure 3.14. The wire tip is coated with a small sample of the species of interest (orange).
The sample size is typically in the range of some tens of ng. In comparison to the wire size
(1 mm) the electron beam (blue) has a diameter of about 100 µm (cf. section 2.2). The
extent of the ion cloud is larger but in the same order of magnitude. In order to inject
atoms into the trap the wire is moved near but not into the electron beam. Ablation of
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Figure 3.13: Electron collector rendering (a) and a cross-sectional view (b). (c) shows the as-
sembled collector. The collector is water-cooled and the two extraction electrodes
are biased negatively to prevent electrons from leaving the collector towards the
beamline. The long connectors to the left and right of the flange are used to at-
tach the cooling water hoses and the electrical feedthroughs to bias the extraction
electrodes. In (b) the water connections on the inside of the collector and the
extraction electrodes are shown. The amperemeter for the measurement of the
electron beam current is connected to the water connections which are ceramically
isolated from the flange.
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Figure 3.14: Principle of the wire probe injection technique. The wire has a diameter of about
1mm while the ion cloud is typically about several hundred µm in diameter (not
appropriately scaled in this figure, for illustration purposes only). On the left the
probe holder with the wire is shown which is isolated by ceramic rods from the
guidance tube. The wire tip (gray) with the probe material (orange) is shown on
the right together with the electron beam (blue) and already trapped ions from
another species (red dots). The sputtered atoms (orange dots) are then ionized
and trapped by the electron beam.
material from the sample at the wire tip is caused by ion sputtering of already trapped
ions which impact on the wire. At the position of the wire tip, ions in lower charge states
have the largest density and are responsible for the sputtering process (Elliott and Marrs,
1995). The sputtered atoms (orange dots) are then ionized by the electron beam and
subsequently trapped in the EBIT where ionization to high charge states follows. This
injection process was found to be very efficient with about 10 ng of consumed sample
material during 250 hours near a highly energetic electron beam of 135 keV and 200 mA
(Elliott and Marrs, 1995).
For the design of the wire probe system several considerations were taken into account:
• The wire probe has to be biased such that the wire tip has the same potential as the
electrostatic potential caused by the electron beam and the central drift tube at its
position. Typically this potential is several tens of volts smaller than the potential
of the central drift tube (Elliott and Marrs, 1995) (cf. section 2.2). If the potential
of the tip would be higher than the electrostatic potential, the ions would need more
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energy to reach the wire tip for sputtering. On the other hand, a lower potential
attracts trapped ions and supports the sputtering process.
• The probe should be moveable in all three dimensions with a resolution of a few
micrometers. This allows to find the appropriate position to maximize ion production
and efficiency. Furthermore, it is important to be also able to retract the wire probe
fully out of the EBIT, e.g. to change the wire probe.
• The possibility to retract the probe completely out of the EBIT requires long move-
ments in at least one dimension. In order to add stability and still have the resolution
for positioning of the wire tip, a guiding system is necessary.
These considerations led to the final design which is shown in Figure 3.15. The feedthrough
flange is mounted onto a step motor controlled XYZ-manipulator8 such that the whole
flange moves with the manipulator. Using this manipulator the wire probe can be moved
with a resolution of below 10µm. Welded to the flange is a hollow stainless steel tube to
which the probe holder is fixed on the other end. A few centimeters below the feedthrough
flange, a cardan joint is integrated into the tube. Together with the guidance flange this
centers the wire probe in the flange. The tube has long cutouts on three sides which allow
efficient evacuation after venting, e.g. when the wire with the sample was exchanged.
The long tube moves through three zirconium oxide ceramic ball bearings9 mounted
inside a guidance flange (see Figure 3.15). The ceramic ball bearings require no lubrication
and are therefore compatible with an UHV environment. Two of these ball bearings have
a fixed position, the third one is mounted on a movable axis which is pushed against the
tube by a spring, thereby centering the tube. The cutouts on the tube are placed such
that the ball bearings do not run into a cutout when the tube is moved.
Since the manipulator has a travel range of 400 mm in the z-direction (the coordinate
system used for the wire probe is shown in Figure 3.16) it is possible to pull out the
complete wire probe into the six way cross and close the valve. In this way just the
volume of the wire probe system can be vented when the wire probe is exchanged and the
EBIT is left in vacuum. Exchange of the wire is possible through the two viewports on the
vacuum cross. This is easier and faster to manage compared to removing the whole wire
probe system. The shorter length of the two tubes with the view ports makes it possible
to reach the wire and the probe holder even without tools.
A detailed view of the probe holder is given in Figure 3.15. Attached to the stainless
steel tube are three ceramic post insulators10 which are fixed to the tube using threaded
rods. On the other side of the post insulators the probe holder is fixed, thereby completely
isolated from the tube. The electrical connection from the feedthrough to the probe holder
is made of silvered copper wire isolated with ceramic tubes and is installed inside of the
tube. A jaw chuck is then used to mount the wire with the sample at the tip. The jaw
chuck is designed to hold wires with about 1 mm diameter and a length of 40 mm. A
technical drawing of the wire probe system is given in the appendix B.
8VAb Vakuum-Anlagenbau GmbH, model: KPM 12-400 S2Z3 with step motor control SMS 4-3
9Gehrig Bearings, model: CZ 683 FC (3x7x2 mm)
10Friatec AG, model: F558-1511
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Figure 3.15: Overview of the wire probe injection system. The probe holder is mounted on a
long stainless steel tube connected to the feedthrough flange via a cardan joint.
The guidance flange centers the tube with the probe holder and stabilizes it to
avoid vibrations. Using the XYZ-manipulator the whole setup can be pulled out
of the EBIT into the six-way vacuum cross. In the cross-sectional view the valve
is excluded since it cannot be rendered in the cross-sectional view.
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Figure 3.16: Cross sectional view of the wire probe inserted into the EBIT. On the left side the
electron gun is visible and on the right the electron collector. The tip of the wire
is inserted into the central drift tube from top. The coordinate system is used for
the wire probe.
The procedure to move the wire into the guidance flange and into the EBIT will be
sketched in the following. However, every time the wire is exchanged, the positions at
which the wire is inserted into the EBIT might change by some millimeters as the position
of the XYZ-manipulator is not directly read out11. The given procedure should be followed
only when the EBIT is not operating, that means there should be no electron beam present
and the drift tubes should be grounded.
1. Using the manipulator the wire probe is moved down towards the EBIT (in negative
z-direction) until the probe holder is just out of sight when looking to the viewports.
2. With the x- and y- step motors the tube is then centered inside the six-way vacuum
cross which can be observed through the two viewports.
11The position is not read out directly, instead the displayed position is only changed by the number of
steps the step motor is programmed to travel. In case the setup is jammed, the displayed position does
change even if in reality it does not.
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3. Again in negative z-direction the wire probe is then moved slowly through the guid-
ance flange. Mostly is it observable that the tube moves slightly to the side when it
gets centered in the guidance flange.
4. The probe can then be moved further down until the wire tip appears above the drift
tubes. This can be seen through a viewport on the backside of the EBIT where the
gas-dosing valve is mounted.
5. In the x-direction, the wire can now be centered while observing the position through
the viewport.
6. In the y-direction the position of the probe is not observable through any viewport.
In order to find a position in which the wire can be moved into the central drift tube
a multimeter is connected between the wire probe and the central drift tube which
is biased to about 50 V. When the wire is slowly moved down (in steps of 0.05 mm
or less) it either goes through the cutout of the central drift tube or has contact to
it on the upper edge. In the case of contact, the wire has to be pulled back a bit
and the position readjusted. This is repeated until the wire can be inserted into the
central drift tube without electrical contact. While finding the correct position it
is important to reduce contact between the central drift tube and the wire tip to a
minimum to avoid sample material being scratched off.
7. Once the wire probe is moved into the center of the drift tube the center position is
determined by moving the wire until it comes into electrical contact with both sides.
The contact positions are read-out with the step motors and the final position is
chosen to be in the middle of the two contact positions. In this step it is important
that the body rather than the tip of the wire is used to find the contact positions
because contact could again scratch off sample material. When the central positions
in the x- and y- directions are known and fixed, the wire probe system is mainly
operated in z-direction by moving the wire probe closer or further away from the
electron beam. The final position of the probe in the central drift tube is shown in
the rendered model in Figure 3.16.
3.5 Components of the beamline and diagnostics
For the identification of the ion species and charge states ejected from the Tip-EBIT
several diagnostic elements are placed in the diagnostic chamber following the beamline.
An overview of the beamline and the diagnostic elements is given in Figure 3.17. Directly
following the electron collector an electrostatic quadrupole lens is attached to the Tip-
EBIT. In this setup the quadrupole lens can be used to focus and deflect the ion beam when
suitable voltages are applied to the electrodes (Hinterberger, 2006). This is important in
particular for the following Wien filter which has small apertures with diameters of 1 mm
at the entrance and exit, respectively.
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Figure 3.17: Overview of the beamline in the ejection direction of the EBIT. Following the
collector a quadrupole lens is mounted allowing to focus and steer the ejected ions.
A Wien filter is used for the separation of different charge-to-mass ratios of the
ions. The ions selected with the Wien filter are detected either by a microchannel-
plate (MCP) detector with phosphor screen and camera, or a Faraday cup located
in the diagnostic chamber and shown on the right.
For the separation of different charge-to-mass ratios of the ejected ions a commercially
available Wien filter12 (Schmidt et al., 2009) with a permanent magnet is used. The
resolution of this Wien filter is about 40 depending on the ion charge state. A Wien filter
is a device used to separate charged particles with different velocities using a configuration
with crossed electric and magnetic fields. Charged particles with a charge-to-mass ratio
q/m, accelerated by a voltage U , thereby having a velocity v =
√
2qU/m, can pass the
12http://www.dreebit-ibt.com/product/wien-filter.html, last visited May 31, 2017
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Wien filter if the conditions v = | ~E|/| ~B| and ~v ⊥ ~E ⊥ ~B are fulfilled. All other ions are
deflected.
The ejected ions from the Tip-EBIT consist dominantly of the injected species in
different charge states. A spectrum of the different charge states can be obtained if the
voltage13 applied to the Wien filter electrodes is varied while simultaneously the number
of ions passing the Wien filter is monitored using a microchannel-plate (MCP) detector
placed in the diagnostic chamber.
An MCP consists of many parallel channels inside a plate which are tilted slightly with
respect to the incoming ions. Between the front and the backplate of an MCP a voltage
of 1000 V is applied. An incoming ion impacting on the MCP releases an initial electron
which is accelerated through the channel and produces an avalanche of electrons through
collisions with the channel walls. MCPs are often used in a so-called Chevron configuration
where two MCP’s are stacked on top of each other such that the channels going through
both MCP’s have a V-like shape enhancing the number of electrons produced per ion. The
electrons are then accelerated towards a phosphor screen where the conversion to photons
in the visible range enables the use of a CCD camera14 to investigate the position and
the shape of the ion beam. Additionally, the diagnostic chamber houses a Faraday cup
detector. This could be used instead of the MCP to measure the number of ions produced
in a specific charge state via the particle current.
3.6 Conditioning and activation of the cathode
When the electron gun is built into the EBIT and a vacuum better than 1× 10−7 mbar
is reached, the conditioning of the cathode can be started. This is a process in which the
cathode is slowly heated, over several days, to its final operation temperature of 1450 K. In
this process several chemical reactions take place and hydrogen and moisture are removed
out of the cathode material (Spectra-Mat, Inc., 2014a). For a long lifetime of the cathode
this process is of great importance.
During the conditioning process, the pressure inside the vacuum system rises due to
the evaporation of different gases from the cathode. Therefore, an interlock system is set
up to ensure that the necessary vacuum conditions (pressure lower than 1× 10−7 mbar)
are provided for the cathode. The interlock system is a combination of the pressure
gauge controller15 and an interlock switch. Integrated in the pressure gauge controller
are switches that are activated at a preset pressure value and again deactivated by a
second preset pressure value for each single pressure gauge. The interlock switch controls
the power connection of the cathode heating power supply depending on a 5 V input for
activation. Without the applied voltage the switch is deactivated and the power supply
used for heating the cathode is disconnected from the power network. Both, the pressure
gauge controller and the interlock switch are combined to ensure the heated cathode is
always in a vacuum with a pressure better than 1× 10−7 mbar (Spectra-Mat, Inc., 2014a).
13Stahl-Electronics, model: HV500-16
14Allied Vision Technologies GmbH, model: Prosilica GC655
15Pfeiffer Vacuum GmbH, model: TPG 256 A MaxiGauge controller, part number: PT G28 760
Chapter 3. Experimental setup 46
Figure 3.18: The graph shows an exemplary extract from the continuously measured pressure
during the cathode conditioning process (blue) while increasing the heating cur-
rent (orange). When the heating current is increased the pressure rises very fast
and subsequently reduces again as outgassing of the cathode material reduces over
time. The typical timescale is about half a day until the vacuum pressure is good
enough to increase the heating current again.
For heating the cathode a filament heating power supply is used which consists of two
power supplies: A floatable current source to heat the cathode (typically several A and
less than 10 V) and a high voltage (several kV) power supply to bias the current source
and thereby the cathode to negative potential. The power supply of choice is supplied by
the company iseg16. In the first tests with a resistive load just the heating current source
without the high voltage was tested. The tests showed oscillations of several 100 mA for
output currents below 400 mA. Therefore, for the initial conditioning the Dreebit power
supply was used until currents higher than 400 mA could be applied.
While a current is applied for heating the cathode, the vacuum pressure is continuously
monitored and the described interlock system ensures the cathode heating power supply
is shut down if the vaccum pressure rises above the preset value. At the beginning of the
conditioning phase the current was increased very slowly in steps of 10 mA with several
hours of waiting time in between. Later the heating current was increased faster while
monitoring the vacuum pressure. Typically, when the current is increased by 20 mA to
50 mA it takes half a day before the heating current can be increased again as shown
exemplary in Figure 3.18. The conditioning procedure is continued until a heating current
of 1.25 A is reached.
When a heating current of 1.25 A has been reached and the vacuum pressure has
decreased to the 1× 10−8 mbar region the cathode can be activated. Activation means
that the barium oxide implanted in the tungsten matrix of the cathode is converted to
barium on the surface (Spectra-Mat, Inc., 2014a). The activation process is started by
heating the cathode slightly above the normal operating temperature (at about 1.25 A
16iseg Spezialelektronik GmbH, model: HPn80 197 152-L11-FCS-ETH-AIO-USB
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Table 3.1: Voltages applied to the electrodes in the EBIT for the first operation. All drift tubes









heating current). Since a good indicator for the status of the activation is the current of
the emitted electrons, the EBIT was taken into operation at the same time.
The applied voltages for the first operation of the EBIT are listed in Table 3.1. For
activation the heating current is increased to 1.29 A for several hours. Some minutes
following this increase an electron beam current on the order of some µA was measured on
the electron collector for the first time. During the following hours the current increased
steadily and finally up to 8.9 mA have been observed. The activation is finished as soon
as the electron beam current reaches the value typically used in operation and the heating
current can be reduced again (Spectra-Mat, Inc., 2014a). For this procedure the voltages
applied to the drift tubes are of less importance since only the transmission of the electron
beam is monitored and ions are not trapped intentionally. The voltage setting on the
extraction electrodes is set more negative than the cathode voltage to prevent electrons
from leaving the EBIT towards the beamline.
With adjusted settings and electron beam energies of up to 10 keV, electron beam
currents of nearly 70 mA have been measured. The settings for the measurements are




In this chapter the main experimental results of the thesis are presented. In the first
section (4.1) the principal measurement procedure is described. The following sections
deal with the first measured results using the test setup described in chapter 3. The
extracted ion charge state distribution using argon injection and the calibration of the
Wien filter are discussed in section 4.2. Again by injection of gas, charge state spectra for
xenon have been measured and the produced charge states identified using the calibration
of the Wien filter with argon (section 4.3). In section 4.4 the results of charge breeding
simulations in an EBIT are presented and compared with the experimental data. Finally
the first tests of the wire probe injection technique are shown in section 4.5.
4.1 Measurement procedure
A main goal in the characterization of the Tip-EBIT is a measurement of the different ion
charge states that are produced inside the EBIT. For a measurement of their distribution,
the ions have to be ejected out of the EBIT. This is possible by operating the EBIT in
the bunched extraction mode where the fourth drift tube (DT4) is operated in a pulsed
mode as shown in Figure 4.1. For a specified charge breeding time (tbr) DT4 is on the
same voltage as DT3 forming a closed trap. After tbr the voltage on DT4 is switched to a
lower voltage than DTC using a Behlke high-voltage switch1. By lowering the voltage the
trap is opened and the ions can escape in the direction of the collector. The typical time
the trap is opened is tejec = 5 µs and the time needed to switch the drift tube voltage is
below 100 ns. The closed trap shown in Figure 4.1 (a) is used for the observation of X-ray
radiation emitted by the trapped ions.
For the measurements with ion extraction, always the bunched extraction mode is used.
Following the ejection, the ions pass through the beamline and are finally detected by the
MCP detector in the diagnostic chamber. On their way to the diagnostic chamber, the
ions pass the quadrupole lens and the Wien filter. The small apertures on the Wien filter
require a thorough optimization of the quadrupole lens since they reduce the amount of
1Behlke Power Electronics GmbH, model: GHTS 60, http://www.behlke.com/pdf/ghts.pdf, last vis-
ited May 31, 2017
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(a) (b)
Figure 4.1: Operation modes of an EBIT. (a) shows the axial potential landscape for a closed
trap which is used e.g. for the observation of X-ray radiation emitted by the
ions. The trap depth can be varied by applying a 10V to 500V higher voltage
to the outer two drift tubes with respect to the central one (DTC). The bunched
extraction mode (b) is most of the time similar to (a) but for a short period of time
the fourth drift tube (DT4) is switched to a lower potential than the central drift
tube allowing the trapped ions to leave the trap.
ions passing to the diagnostic chamber already by several orders of magnitude. In practice,
the ion signal on the MCP is maximized while the permanent magnet is removed from
the Wien filter and its electrodes are set to ground. Following the optimization, the Wien
filter magnet is mounted on the Wien filter and the measurement procedure started.
In order to measure the charge state distribution of a species injected into the Tip-
EBIT, the voltage applied to the Wien filter electrodes is scanned over a preset range in
steps of 0.5 V. With the voltage set on the Wien filter, a trigger signal is applied to the
Behlke switch which lowers the voltage applied to DT4 and the ions are ejected out of the
EBIT. The time of flight until the ions arrive at the MCP detector is a few µs, therefore
the camera integration time starts with a delay of 1 µs with respect to the trigger signal.
Since the trap is opened for 5 µs ejection time, the camera is set to its minimal integration
time of 8µs to record only the extracted ions and no further noise. From the camera frame,
a region of interest (ROI) where the ions impact on the MCP is selected and the total
camera counts in this ROI is calculated. For each voltage setting on the Wien filter, 20
camera frames corresponding to 20 ion ejections are recorded and averaged to increase the
signal-to-noise ratio. Finally, the voltage set to the Wien filter electrodes and the averaged
camera counts in the ROI are written to a datafile.
4.2 Calibration of the Wien filter
In order to calibrate the Wien filter two datasets were measured for charge breeding
times tbr of 10 ms and 500 ms while argon gas was injected into the EBIT using the
gas dosing valve (vacuum pressure during injection: 4.5× 10−9 mbar compared to about
1.5× 10−9 mbar without injection). Voltage settings and electron beam parameters for the
measurement of argon are summarized in Table 4.1. For these voltage settings, Figure 4.2
shows a graphical illustration. As indicated, for the presented measurements the electron
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Eions/q
UDTC UDT4 UDT5 Ucol Uext1 Uext2
Figure 4.2: Illustration of the voltages applied to the electrodes and drift tubes in the Tip-
EBIT for the measurement of the Wien filter spectra of argon. Uc, Uf and Ua are
abbreviations for Ucathode, Ufocus and Uanode, respectively. As visualized the electron
beam energy for the presented measurements is calculated taking into account only
the voltages applied to the cathode and the central drift tube: Ee = e (UDTC − Uc).
The energy of the ejected ions is given by the voltage applied to the central drift
tube with respect to ground.
beam energy is calculated taking into account only the voltages applied to the cathode
and the central drift tube: Ee = e (UDTC − Uc) = 8 keV, hence the space-charge potential
of the electron beam and the even smaller contributions from equation (2.6) are neglected.
The energy of the ejected ions with respect to ground is defined by the voltage applied to
the central drift tube and is 5.7 keV.
The evaluation of the data and the Wien filter calibration is carried out similar to
Repp (2012) since the same Wien filter is used for this measurement. Figure 4.3 (a) shows
the measured, normalized and baseline subtracted data for the two charge breeding times
of 10 ms and 500 ms, respectively. As expected, for the smaller charge breeding time the
charge state distribution is shifted to lower charge states (corresponding to smaller voltages
applied to the Wien filter) compared with the longer breeding time. This indicates that
an equilibrium is not yet reached after 10 ms and confirms the result of the simulation (see
section 4.4.2). For the longer charge breeding time of 500 ms the charge state distribution
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Table 4.1: Voltage settings and EBIT operation parameters for the measurement of the argon






UDTC 5700 V to 5715 V
UDT4 6000 V







Ee 8000 keV to 8015 keV
Ie 50 mA
is not symmetric anymore as expected from the simulations and the higher ionization
energies for the two 1s electrons in argon.
The analysis of the data and the calibration is performed in the following steps:
• Identification of the charge states: The charge states can be identified in several
ways. If all charge states are visible in one spectrum or in several spectra with
different charge breeding times overlaid, the identification is straightforward. If
this is not possible, the charge states can be identified by comparison with existing
spectra. In the case of the spectra shown in Figure 4.3 the charge states were
identified by the spectrum shape due to the higher ionization potential of the two
highest charge states which are therefore less populated. For a slightly higher charge
breeding time it was possible to observe also a small peak of Ar18+ just above 300 V
applied to the Wien filter. The two very small peaks of the highest charge states
and the high peaks just below these two states allowed the identification.
• Extraction of the peak positions: The peak positions can be extracted by fitting
a Gaussian distribution2 to the individual peaks. Since the voltage resolution for the
argon spectra is 0.5 V, the peaks consist only of a few data points and the maxima
mostly of one. Furthermore, the peaks are not symmetric, which is particularly visi-
ble in the calibrated spectra in Figure 4.3 (b). Therefore, to find the peak positions,
2The Wien filter acts as a velocity filter for the ions. The velocity distribution of the ions is given
by a Maxwell-Boltzmann distribution which can be approximated at high temperatures by a Gaussian
distribution.
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(a) (b)
Figure 4.3: Uncalibrated (a) and calibrated (b) Wien filter spectra of argon for two different
charge breeding times. In the case of the shorter charge breeding time the charge
distribution of argon ions is shifted to lower voltages with respect to the higher
charge breeding time. The points mark the maxima detected by the peak detection
algorithm (Billauer, 2017). The same spectrum is shown calibrated in (b).
a peak detection algorithm is used (Billauer, 2017). The detected peaks are shown
by the colored points in Figure 4.3 (a). The error of the peak positions follows from
the Gaussian fits or in the case of the peak detection from the voltage resolution of
the spectrum. The error is propagated in a weighted fit in the next step.
• Calibration factors: For the identified charge states the charge-to-mass ratio can
be calculated and assigned to the respective voltages of the peaks. The voltages
applied to the Wien filter are plotted as a function of the respective charge-to-mass
ratios in Figure 4.4. Following the calibration procedure in Repp (2012) this curve














to obtain the calibration factors kWien and Uoff for the Wien filter. Both calibration
factors depend on the energy of the ejected ions, therefore the calibration factors
are only valid in this case for an ion energy of Eion = 5.7 keV. The resulting cal-
ibration factors for the two measurements are summarized in Table 4.2. For both
measurements kWien and the offset voltages Uoff agree within their error ranges.
• Calibration of the spectra: The Wien filter spectra measured as a function of
the Wien filter voltage UWien are calibrated using the calibration factors in Table 4.2
and equation (4.1). The calibrated spectra are shown in Figure 4.3 (b).
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Table 4.2: Calibration factors of the Wien filter extracted from the measurements with argon.
For both measurements the calibration factors agree within their error range. The
stated errors result from a weighted fit assuming an uncertainty of 0.5V on the peak
positions.






Figure 4.4: Calibration curves for both measurements showing the charge to mass ratio for the
peaks on the x-axis and the voltages of the peaks at the y-axis. The data points
are shown in blue, the fitted curve according to equation (4.2) in orange. The error
bars of the data points are smaller than the individual points.
4.3 Extraction of Xe ions
Similar to the measurement of the charge state distribution of extracted argon ions a
measurement of xenon was performed using as well the settings listed in Table 4.1. The
vacuum pressure with xenon injection is 2.2× 10−9 mbar compared to 1.4× 10−9 mbar
without injection. Two different charge breeding times of 100 ms and 200 ms have been
used with an ejection time of 5 µs. Since the Wien filter is already calibrated the analysis
of the xenon spectra is straightforward. The resulting distribution of charge states for both
measurements is shown in Figure 4.5. The voltage axis is calibrated using the calibration
parameters from argon obtained in the measurement with tbr = 500 ms. Here, the vertical
dashed lines correspond to the expected charge-to-mass ratios for 132Xe (most abundant
isotope in natural xenon) according to the calibration (see previous section). Xe44+ is the
highest charge state that can be efficiently produced at an electron beam energy of 8 keV
since the energy required to remove the next electron increases by about 4.3 keV to 7.66 keV
reducing the ionization cross section (values taken from Kramida et al. (2015)). The peaks
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Figure 4.5: Calibrated charge state distributions of extracted xenon ions after charge breeding
times of 100ms (blue) and 200ms (orange), respectively. As expected it is again
observed that the distribution shifts to higher charge states when a longer breeding
time is used. The vertical dashed lines are drawn at the charge-to-mass ratios
where the peaks of 132Xe are expected following the calibration from the previous
section. Red dashed lines indicate the labeled charge states. Due to the chosen
electron beam energy, charge states up to Xe44+ are expected.
in the measured spectra are at the expected positions and allow an identification of the
xenon charge states produced in the EBIT. Only for xenon charge states above Xe37+ the
peaks are slightly shifted towards a higher charge-to-mass ratio indicating that a higher
order polynomial has to be used for the calibration of the Wien filter spectra measured
with a broader scan range. Comparing the spectra of argon (Figure 4.3) and xenon shows
a difference: While for argon the individual peaks are clearly resolved, for xenon the peaks
are broadened due to the presence of various stable isotopes in natural xenon gas (most
abundant xenon isotopes are 132Xe (26.9 %), 129Xe (26.4 %), 131Xe (21.3 %) and 130Xe
(4.1 %)). The broadened peaks are not fully resolved and overlap at their base forming a
broad distribution with peaks on top.
4.4 Simulation of the charge breeding process
In this section the program dither is introduced, which is used for the simulation of the
charge evolution during the breeding process. dither is a code written by the EBIT group
at the Max-Planck-Institute for Nuclear Physics in Heidelberg (Crespo López-Urrutia,
2016). The results of these simulations provide a starting point for the experimental work
and offer an estimate of the charge states that can be produced in the EBIT. In the case
of argon, the simulated charge state distributions are compared with the experimentally
measured ones. For holmium the simulations are intended to find EBIT operation param-
eters such as electron beam energy and current to produce 163Ho in charge states between
30+ and 40+.
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4.4.1 Processes and input parameters for the simulation
The program dither solves the rate equation (2.31) describing the evolution of charge
states in an EBIT (cf. section 2.5.3) numerically by means of the Runge-Kutta method
(see e.g. Butcher (1996)). In the simulation, only the most important processes governing
the charge state evolution are included:
• Electron impact ionization: Cross sections and rates are calculated using the empir-
ical cross-section by Lotz (1967) given in equation (2.16). The ionization energies
are given as input parameters and are taken from Kramida et al. (2015).
• Radiative recombination: Cross section and rates are calculated using equation (2.21).
• Charge exchange with background gas: Charge exchange is considered assuming cold
hydrogen as a background gas where only one electron can be transferred to an ion.
The cross sections and rates are calculated using equation (2.28). The average ion
velocity is calculated from the ion temperature included as a fixed parameter.
Dielectronic recombination is not included in the simulations even though it can be in-
cluded if the respective cross sections are known or calculated theoretically. Processes
affecting the energy balance such as heating, energy transfer between ions and escape of
ions (evaporative cooling) are not included in the simulation either. Without evaporative
cooling, lower charged ions are not removed from the trap, therefore there is no mecha-
nism which effectively cools the ions in higher charge states. Hence, it is expected that the
charge state distribution is shifted towards lower charge states compared to experimental
measurements. The input parameters for the simulations are summarized in Table 4.3.
From these parameters, especially the beam-ion overlap (cf. section 2.5) and the ion
temperature have a strong influence on the resulting charge distribution in the simulation.
Only one value for the beam-ion overlap and the ion temperature can be supplied to the
program. In general, both parameters change with increasing charge state: ions in lower
charge states have typically a higher temperature and a smaller beam-ion overlap since
these are not trapped as strongly as the ions in higher charge states and mainly surround
the electron beam. In contrast, the highly charged ions have a lower temperature due to
the evaporative cooling effect by lower charged ions and are confined nearer to the electron
beam, thereby increasing the beam-ion overlap. For the simulation both parameters are
approximated by comparison with the experimental measurements (see section 4.2 for
argon).
The simulation starts with an initial population that consists entirely of neutral atoms.
Since loss mechanisms and injection of neutrals are not considered in dither, the popu-
lation of the neutral atoms is propagated by ionization and recombination processes over
the simulation time. Running the simulation program yields an output file containing the
calculated cross sections and rate coefficients as well as the relative populations in the
possible charge states for each time step in the simulation.
An example of the resulting data is shown in Figure 4.6. In this figure the time evolution
of the population of ions in a specific charge state is shown on the left. An equilibrium is
reached as soon as the populations do not change anymore, i.e. after a charge breeding time
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Table 4.3: Input parameters for the charge breeding simulation. The ion temperature is an
estimate since it reflects the mean of the ion temperature of ions in different charge
states. Also depending on the ions’ charge state is the beam-ion overlap which
is larger for ions in higher charge states. Here also a mean value is used as an
approximation. Typically, the vacuum pressure in the EBIT with gas injection is
about 2× 10−9 mbar. Since inside the electron beam also the rest gas is ionized and
trapped the hydrogen background pressure is assumed to be lower. Electron beam
energy and current are the same as used in the experiment. Note, that the given
electron beam energy corresponds to Ee = e (UDTC − Uc) in experiment.
Parameter Value
Ion temperature 5× 105 K
Beam-ion overlap 0.7
Hydrogen background pressure 5× 10−10 mbar
Electron beam energy 8 keV
Electron beam current 50 mA
Electron beam radius 71.4µm
(a) (b)
Figure 4.6: Exemplary charge state evolution (a) and distribution (b) of argon ions. The charge
state evolution shows the relative population of an ion in a specific charge state as
a function of the simulation time. A distribution of the charge states is shown after
a charge breeding time of tbr = 120ms. The electron beam energy and current for
this simulation are 6 keV and 30mA, respectively. For this exemplary simulation a
beam-ion overlap of 0.15 and an ion temperature of 1× 104 K have been assumed.
of about tbr = 120 ms. The population in the different charge states after 120 ms is shown
in (b) where Ar12+ can be identified as the most abundant charge state in the distribution.
The distribution is roughly symmetric on both sides of Ar12+. This is expected as long as
the electron beam energy is much larger than the ionization potentials. If the ionization
potentials are similar to the electron beam energy, e.g. if a new atomic shell is opened, the
ionization cross sections decrease favoring the production of ions in charge states below
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(a) (b)
Figure 4.7: Simulation results showing the charge state evolution (a) and the charge state
distribution (b) after 10ms and 500ms of charge breeding for argon. The charge
state evolution shows that after 250ms to 300ms the equilibrium charge state
distribution is reached. Therefore, the charge state distribution after 500ms shows
the equilibrium distribution while the distribution of charge states after 10ms still
evolves if the charge breeding process is continued.
the jump of the ionization potential. In this way it is possible by tuning the electron beam
energy and current to bring many ions in the EBIT to charge states just below the steep
increase of the ionization potential.
4.4.2 Simulation results for argon and holmium
Simulations of the charge state distribution for argon and holmium have been made using
similar parameters for the simulation as were used in the measurements described in the
previous sections. The simulation results for argon, shown in Figure 4.7, were obtained
with an electron beam energy of 8 keV and a current of 50 mA. As in the experimental
measurements (discussed in section 4.2), the charge state distribution was extracted after
breeding times of 10 ms and 500 ms. The evolution of the individual charge states (Fig-
ure 4.7 (a)) shows that after 10 ms an equilibrium is not yet reached and the charge state
distribution still changes when the charge breeding process is continued. The final charge
state distribution is reached after about 250 ms to 300 ms.
The most abundant charge state for tbr = 500 ms is Ar15+ compared to Ar10+ for the
shorter charge breeding time of 10 ms. Comparing the overall shape of both charge state
distributions in Figure 4.7 (b) shows a symmetric distribution for 10 ms and a nonsym-
metric one for the longer charge breeding time. As already mentioned, the reason is that
the ionization potential of the two 1s electrons in argon is about 3.2 keV higher than for
the last 2s electron (0.92 keV). Therefore, also the calculated ionization cross sections
reduce strongly and the Ar17+ and Ar18+ charge states have only a small or no population
while most of the population is in the three charge states below the rise of the ionization
potential.
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(a) (b)
Figure 4.8: Simulation results for holmium showing the charge state evolution (a) and the
charge state distribution (b) after 500ms charge breeding. Charge states above
Ho30+ are reached already with shorter charge breeding times below 200ms.
For the detection system of the Pentatrap experiment (see section 3.1), charge states
in the range between Ho30+ and Ho40+ are required. In order to estimate whether these
charge states can be produced with the Tip-EBIT, the same simulation as for argon was
performed for holmium and is shown in Figure 4.8. Compared to argon the time to reach
the equilibrium (tbr ∼ 600 ms) is longer and the distribution of charge states broader. The
charge state distribution for tbr = 500 ms, shown in Figure 4.8 (b) has its maximum at
Ho37+. Therefore, charge states above Ho30+ can already be reached using shorter charge
breeding times.
Experimentally, using the same parameters as in the simulations, the required charge
states seem reachable. However, since evaporative cooling is not implemented in dither
and the ion temperature and beam-ion overlap parameters are only rough estimates result-
ing from a comparison between simulation and measurement, the measured charge state
distribution is expected to be shifted to higher charge states.
In a comparison of the simulation results for argon (see Figure 4.7) with the measured
Wien filter spectra (see Figure 4.3) the following conclusions can be drawn: The most
abundant charge state for the measurement and simulation with 500 ms breeding time is
in both cases Ar15+. For the measurement and simulation using a shorter breeding time
the most abundant charge states approximately agree as well but in the measurement the
distribution is slightly shifted towards higher charge states compared to simulation results.
Also, the measured charge state distributions are broader showing charge states as low as
Ar4+ for the smaller breeding time.
For the simulations of argon, the beam-ion overlap and the ion temperature have been
adjusted to obtain a charge state distribution that is comparable to the experimentally
measured one while the parameters known from experiment were fixed. In further simu-
lations smaller values for the beam-ion overlap and a higher ion temperature were chosen
resulting in a charge state distribution at distinctly lower charge states. The reason might
be that evaporative cooling is not included in dither which would possibly favor the
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production of higher charge states comparable to experiment. Furthermore, the chosen
parameters for ion temperature and beam-ion overlap are “mean” values although in reality
both parameters are different for different charge states.
For example if a lower ion temperature is chosen (corresponding to a temperature
reached by evaporative cooling) then higher charge states, compared to the measured
ones, result from the simulation. The resulting higher charge states are also bound more
strongly in the trapping potential and therefore the beam-ion overlap factor increases.
Since evaporative cooling is not included in the simulations, the ion temperature and the
beam-ion overlap have been adjusted to fit the simulations approximately to the measure-
ments. With these empirically determined values for the Tip-EBIT it is assumed that the
simulation for holmium will reflect approximately the experimental outcome.
4.5 First tests using the wire probe injection system
In this section the first tests of the wire probe injection system using the silicon drift
detector are presented. Compared with the measurements of the previous sections where
the ions have been ejected from the EBIT, the X-ray measurements are performed using a
closed trap as shown in Figure 4.1 (a) with the settings summarized in Table 4.4 (a). For
the first tests a copper wire with a gold plated tip is used.
Before a measurement can be started, the wire probe is moved near to the electron beam
using the step motor controlled manipulator. It is assumed that the relevant positions to
move the wire probe into the central drift tube are already known from the procedure
described in section 3.4 and that the wire probe is positioned just above the central drift
tube. In order to find the position in z-direction where the outer part of the electron
beam collides with the wire probe, the X-ray detector is used to see if new lines appear
in the spectrum. First, an X-ray spectrum is recorded leaving the wire probe outside of
the central drift tube. This spectrum serves as the reference spectrum and is shown in
Figure 4.9 in blue. In this spectrum two lines resulting from direct excitation are visible:
the titanium Kα line and the Kα,β lines of aluminum. The titanium line is caused by a few
electrons impacting on the titanium drift tubes, the aluminum lines may originate from the
ceramic tubes out of aluminum oxide (Al2O3). The settings used for this measurement are
summarized in Table 4.4 (a). Noteworthy is the small electron beam current which helps
in measuring a clean spectrum without many additional peaks and background caused by
electrons colliding with EBIT parts.
The spectrum is calibrated using the Kα1 (4510.84 eV) and the Kα2 (4504.86 eV) lines
of titanium (Thompson and Vaughan, 2001). Since the detector resolution of 133.4 eV3 is
larger than the difference between both lines only one peak is visible in the spectrum. For
calibration, the peak is fitted with a Gaussian and the peak position is assigned to the
unweighted mean of the titanium lines (4507.85 eV)4. This is sufficient for a preliminary
calibration of the first measured spectra and to identify the direct excitation lines.
3Corresponds to the full width at half maximum measured at 5.9 keV by the supplier Ketek GmbH.
4The ratio of the relative intensities of the Kα1 and Kα2 lines is 2:1 (Thompson and Vaughan, 2001).
Since the Kα1 line is therefore not dominant the mean of both energies can be used.
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Figure 4.9: X-ray spectra measured with the newly developed wire probe system.. Both spec-
tra show radiative relaxation lines following the electron impact ionization by the
electron beam. The blue spectrum is measured without the wire probe, the or-
ange with the wire probe inserted into the central drift tube. Both spectra were
measured for 1000 s and are calibrated using the Kα lines of titanium.
In order to observe direct excitation lines of the wire probe sample, the wire is moved
near to the electron beam. Since the exact position of the electron beam is unknown and
not observable by eye, the wire is moved in small steps (50µm) into the center of the drift
tube. Following each step, an X-ray spectrum is measured to see if already new X-ray
lines appeared in the spectrum or if the wire probe was moved too far and many electrons
impact on the wire probe producing bremsstrahlung5. If the wire probe is near enough
to the electron beam such that some electrons impact on the wire a direct excitation line
appears in the spectrum as shown in Figure 4.9 in orange. The position of the additional
line corresponds to the Mα1 line of gold which is expected at 2122.9 eV. Furthermore, a
line below an energy of 1 keV appears which can be attributed to the Lα1, α2 (929.7 eV) and
Lβ1 (949.8 eV) lines of copper. These lines are expected as well since the bulk material of
the wire probe consists of a copper wire. The line energies are taken from Thompson and
Vaughan (2001).
Since the sputtering process at the wire probe tip is presumably very slow, it takes
some time until a sufficient number of ions for ejection is accumulated in the Tip-EBIT
(Elliott and Marrs, 1995). This makes the measurement of a Wien filter spectrum time-
consuming and a different method has to be used to acquire information about the charge
states of the trapped ions. One possibility is the measurement of radiative recombination
lines with the X-ray detector. From the radiative recombination lines of a calibrated X-ray
spectrum and with the knowledge of the electron beam energy the charge state into which
the electron recombined can be inferred from its ionization potential (cf. equation (2.20)).
In order to measure these lines, a continuous read-out of the X-ray detector is necessary
and was implemented in the data acquisition system.
5If bremsstrahlungs is detected the spectrum is continuous with barely visible or no visible peaks. The
count rate in this case is rather high compared to the situation without bremsstrahlung.
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Table 4.4: Settings used for the first X-ray measurements using the wire probe injection. (a)
summarizes the settings for the X-ray spectrum shown in Figure 4.9, (b) the settings
for the time evolution of the X-ray spectrum with inserted wire probe shown in

































The measurement procedure starts with switching off the electron beam for several
seconds to remove all ions from the trap. At the same time the electron beam is again
switched on, the measurement is started. An X-ray spectrum is measured every 10 s to
investigate the time evolution of the spectrum.
The position of the wire probe is slightly different to the measurement before: the
wire probe is first positioned such that the direct excitation line is observed in the X-
ray spectrum. From this position the wire probe is moved in the positive z-direction
out of the central drift tube in steps of 10 µm until the direct excitation peak of gold is
no longer observable in the spectrum. Since the ion cloud surrounds the electron beam,
sputtering on the wire tip continues. Therefore, if again a direct excitation line or a
radiative recombination line which can be attributed to gold is observed, it is possibly
caused by atoms sputtered from the wire tip into the EBIT.
Figure 4.10 shows the measured time evolution of the X-ray spectrum with the wire
probe inserted into the described position. The spectrum is again calibrated with the Kα
lines of titanium as described above. At the beginning of the measurement the X-ray
spectrum has a similar shape to the measurement shown in Figure 4.9 with the titanium
line at 4.5 keV and the aluminum line. With increasing measurement time, the two peaks
reduce in intensity and after about 500 s further peaks appear in the spectrum. Most
importantly, the line appearing after 1000 s at about 2.1 keV is at the exact position where
theMα1 line of gold is expected. However, in this measurement no radiative recombination
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Figure 4.10: Time evolution of the measured X-ray spectrum using the wire probe method for
injection. Again only radiative relaxation lines are shown. The colorscale indicates
the counts per 10 s of measurement time for one spectrum. In the time evolution,
the spectrum first shows a similar spectrum to the one shown in Figure 4.9. After
about 500 s an additional line appears around 2.7 keV and at about 1000 s a further
line appears around 2.1 keV while the X-ray lines present from the start of the
measurement decrease in intensity. The spectrum is again calibrated using the
Kα lines of titanium.
lines corresponding to gold are observed above the electron beam energy of 8.1 keV (this
range is not shown in Figure 4.10). It is therefore not clear whether the appearing gold
line results from sputtered gold ions that are ionized and trapped or from collisions of
electrons or ions with gold still on the wire tip. Since the electron beam current used in
this measurement is comparably high with 67.5 mA, a lot of bremsstrahlung is produced
and the detector has a large dead time resulting in a continuous and noisy spectrum above
5 keV, which renders the measurement of radiative recombination lines impossible.
Future measurements with reduced electron beam current can possibly reveal also
radiative recombination lines of gold and thereby prove that gold atoms are sputtered from
the wire tip and get subsequently ionized and trapped by the electron beam. Furthermore,
the sputtering process can be influenced by selecting the type of ions impacting on the
wire probe, e.g. by changing the axial trap depth. If the axial trap depth is lowered, most
of the lighter ions in lower charge states will evaporate leaving the heavier and highly
charged ions for sputtering. The sputtering process with HCIs is different from the kinetic
sputtering with low charged ions since a comparably high potential energy is released
in the recombination processes when the HCIs impact on the surface. This “Potential
sputtering” results in a large yield of sputtered atoms due to a Coulomb explosion on
the surface (Arnau et al., 1997; Aumayr and Winter, 2004). Elliott and Marrs (1995)
state that in the Lawrence Livermore super-EBIT lower charged ions which surround the
electron beam are responsible for the sputtering process, however, also the energy of the
impacting ions (determined by their temperature) influences the sputtering yield. If the
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axial trap depth is increased, the higher energy of the lower charged ions can also increase
the sputtering yield (Stuart and Wehner, 1962). As a third possibility also the species of




In the context of this thesis a compact room-temperature electron beam ion trap (EBIT),
named the “Tip-EBIT”, was built up and commissioned. The Tip-EBIT will provide highly
charged 163Ho ions for the Pentatrap experiment in the future. For the injection of the
synthetic radioisotope 163Ho into the EBIT a wire probe injection setup was designed which
will allow a very efficient injection of an atomic sample. In the experimental part, argon
and xenon ions were ejected from the EBIT and their charge state distributions measured.
Using a gold plated copper wire as wire probe the first experimental tests of the wire
probe injection setup have been demonstrated. Furthermore, charge breeding simulations
for argon and holmium have been made and compared to experimentally measured charge
state distributions in the case of argon.
The work on this thesis started with the construction of the iron yoke and permanent
magnet structure of the Tip-EBIT. The magnetic field in the trapping region of the EBIT
was estimated to be about 850 mT. For the initial positioning of the cathode in the first
start-up of the EBIT, the position of the zero-crossing of the axial magnetic field was
measured using an axial Hall probe.
The test setup into which the Tip-EBIT is integrated allows to characterize the ion
production in the Tip-EBIT by means of a measurement of the charge-to-mass ratios of
the ejected ions. Therefore, a Wien type velocity filter and a diagnostic chamber housing
an MCP detector have been integrated into the test setup. The wire probe injection setup
located at the top of the EBIT consists of a three-axis step motor driven manipulator
which allows a wire of 1 mm diameter and a length of 40 mm to be moved near to the
electron beam in the EBIT. The injection setup can be separated from the Tip-EBIT by
means of a valve for the exchange of the wire probe without breaking the vacuum in the
whole setup.
The EBIT was assembled and commissioned. During the assembly of the drift tubes
the mesh wire which surrounds the cutouts of the central drift tube was removed on one
cutout. Since the mesh wire is intended to restore the potential distortion caused by the
cutouts, its removal introduces a deformation of the trapping potential. This potential
distortion was simulated and results in a reduced trapping potential in the direction of the
open cutout.
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During commissioning the cathode was successfully conditioned and activated and the
Tip-EBIT taken into operation. Conditioning is a slow heating process allowing chemical
reactions to occur in the cathode material while simultaneously hydrogen and moisture
is removed from the cathode. At the end of the conditioning process the cathode was
activated and the first emission of an electron beam was observed. Following this the
electron beam current increased slowly over time leading to electron beam currents of
nearly 70 mA at energies of up to 10 keV.
In the experimental part of this thesis the Wien filter was calibrated by injecting argon
gas into the EBIT, extracting the produced ions and measuring a Wien filter spectrum.
The produced charge states of argon have been identified by the shape of the measured
spectrum and assigned to their respective charge-to-mass ratios for calibration. The ob-
tained calibration factors for two different breeding times agree well within their error. In
this measurement argon charge states in the range from Ar4+ to Ar17+ have been observed.
Similarly a Wien filter spectrum was measured injecting xenon gas into the EBIT. Using
the calibration factors from the measurement with argon, the xenon charge states have
been identified and charge states up to Xe40+ have been observed.
The charge breeding process for argon and holmium was simulated using the program
dither and in the case of argon compared to the experimentally measured charge state
distributions. For holmium the simulation was done to estimate the charge states that can
be reached using typical parameters of the Tip-EBIT for the simulation. In the case of
argon the beam-ion overlap and ion temperature parameters for the simulation have been
adjusted to obtain charge state distributions similarly to the measured ones. Since the
simulation does not include evaporative cooling effects a relatively high beam-ion overlap
of 0.7 and a low ion temperature of 5× 105 K resulted from this adjustment. For the longer
charge breeding time of 500 ms the simulation and the experimentally measured charge
state distribution approximately agree, for tbr = 10 ms the measurement shows slightly
higher charge states. This deviation results from the simulations since only one value for
the beam-ion overlap and the ion temperature can be supplied to the program. In general,
both parameters depend on the charge state and highly influence the evolution of the
individual charge states. The simulations for holmium show that for tbr = 500 ms charge
states higher than Ho40+ are accessible. Hence, for the Pentatrap detection system
requiring holmium in charge states between 30+ and 40+, the Tip-EBIT is possibly able
to deliver the required charge states.
In the final part of this thesis the first measurements using the wire probe injection
system have been performed. Using the X-ray detector and a gold plated copper wire
that was moved near to the electron beam an X-ray spectrum was measured showing a
direct excitation line of gold. In order to investigate the sputtering process and to detect
radiative recombination lines of trapped ions to identify their charge state a continuous
read-out of the X-ray detector was implemented in the data acquisition system. Again
using the gold wire probe, the time evolution of the X-ray spectrum was measured show-
ing the appearance of direct excitation peaks several minutes after the measurement was
started. It is not yet clear if these peaks are caused by trapped gold atoms or again by
electron impact excitation since no radiative recombination lines were observed. Future
measurements with reduced electron beam currents will possibly show also radiative re-
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combination lines of gold proving that gold is sputtered and subsequently trapped in the
EBIT.
At the time this master thesis is written the Tip-EBIT was partly disassembled due to
problems with a corona discharge and a short circuit between two drift tubes caused by a
small metal piece. The testing of the wire probe injection system will continue as soon as
the Tip-EBIT is again in operation.
Since it was not yet possible to extract ions injected using the wire probe system
there are several experimental considerations to influence the sputtering process in future
tests. For example, the axial trap depth in the Tip-EBIT can be varied. A deep trap
increases the temperature of the ions leading to an increase of the sputtering yield in
kinetic sputtering by lower charged ions. One can also think of a shallow trap where the
ions in lower charge states evaporate and only ions in high charge states remain in the trap.
If these highly charged ions impact on the sample the sputtering process is entirely different
compared to kinetic sputtering. This is due to the release of energy in the recombination
process of highly charged ions resulting in a high sputtering yield (potential sputtering).
Also, the species involved in the sputtering process might have an influence, therefore e.g.
different nobel gases could be injected into the Tip-EBIT while the wire probe is inserted.
Furthermore, the time evolution of the X-ray spectrum can be measured as a function of
the wire probe position as well as of the bias voltage of the wire probe to find the optimal
position and voltage bias. As a last possibility to increase the sputtering yield a pulsed
laser could be used to ablate atoms from the sample while the wire probe is inserted into
the EBIT (Sailer, 2017).
If radiative recombination lines are observed, the X-ray detector has to be recalibrated
using two X-ray lines to account for a possible offset. Furthermore, the electron beam
energy so far was calculated taking into account only the voltages applied to the cathode
and the central drift tube. In general, the energy is slightly reduced due to the space charge
potential of the electron beam which has to be taken into account to clearly identify the
charge states in the EBIT by radiative recombination lines.
For the identification of the charge states of extracted ions the test setup will be up-
graded with a 90° bender magnet which replaces the Wien filter. With this, the resolution
for the identification of charge states is increased by about a factor of 10 to m/∆m = 400.
A further advantage of the bender magnet is the higher transmission compared to the
Wien filter.
As soon as the wire probe system is characterized properly for a reliable operation, a
sample of the more abundant and stable 165Ho will be used to test the Tip-EBIT with
very small sample sizes in order to characterize the efficiency of the injection. In a last




Ion cloud distribution, heating and
escape processes
A.1 Equilibrium distribution of the ion cloud
For a general description of the trapping potential (cf. section 2.3) the effect of trapped
ions on the electrostatic potential has to be considered as well. The ions trapped in the
electrostatic potential (equation (2.7)) reach an equilibrium by ion-ion interactions. The
plasma in the overlap region of the electron beam and the ion cloud can be described
by the Vlasov equation (Vlasov, 1968) which is commonly applied for the description of
the time evolution of the distribution function of a plasma. The solution to the Vlasov
equation describing the equilibrium spatial distribution of ions is given by a Maxwellian
distribution (Currell, 2003; Gillaspy, 2001a):






where V (ρ, z) is the electrostatic potential from equation (2.7), q and Ti the charge and
temperature of the ions in charge state i, respectively. Ni is a normalization factor related
to the total number of of ions N toti (Gillaspy, 2001a):
Ni =
N toti∫ ∫
2piρni(ρ, z) dρ dz
. (A.2)
The electrostatic potential can be completed including also the space charge potential of
the ions which can be calculated from the spatial distributions. The complete electrostatic
potential is given by (Gillaspy, 2001a):








The space charge caused by the ions in the trap (∑i Vi(ρ, z)) partially compensates that
of the electron beam. A solution can be found numerically if the problem is reduced to
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the radial dimension only while the axial distribution is omitted since the square-well trap
potential is much longer than it’s radial extent. With the distribution functions of the ions
from equation (A.1) and using Gauss’ law, the potential due to the ions can be calculated
(Gillaspy, 2001a):










A self-consistent solution can be found iteratively by first calculating the ion cloud distribu-
tions using only the electrostatic potential of the electron beam. From these distributions
the new electrostatic potential including the ions’ space charge potential can be obtained
via equations (A.4) and (A.5). Using this newly calculated potential again the ion cloud
distributions can be calculated.
A.2 Heating of the ions, energy exchange and axial
escape
In section 2.5 only charge changing processes and source terms have been discussed. In this
appendix collisions between electrons and ions, and collisions between ions and ions will
be considered which do not necessarily lead to a change in the charge state but to heating
and energy exchange. Also the charge changing processes, summarized in Table 2.3 in the
beginning of section 2.5, give rise to various heating processes of the ions.
The most prominent mechanism for heating the ions is by Coulomb collisions with the
electron beam. The heating rate by this process is calculated assuming a δ-function for
the velocity distribution of the electrons and a Maxwellian distribution for the ions as in
appendix A.1. For ve
vi

















log (Λi) . (A.7)
Here, mi, qi and vi are respectively the mass, charge and velocity of the ions, ve the
electron velocity and Ni and Ne are the ion and electron densities, respectively. log (Λi)
is the Coulomb logarithm for an ion in charge state i.
The interaction between ions is governed by Coulomb scattering and leads to an ex-
change of energy between the ions. Therefore, ions heated by elastic collisions with the elec-
tron beam and the other heating mechanisms thermalize with the other ions by Coulomb
scattering. In the discussion of the equilibrium distribution of the ions a single charac-
teristic temperature Ti was assumed for each charge state i. The rate of energy transfer
between two charge states i and j can be calculated again assuming Maxwellian velocity
distributions for both charge states (Penetrante et al., 1991):
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where log (Λij) is the ion-ion Coulomb logarithm. The time scale of the energy exchange
in ion-ion Coulomb scattering is on the order of up to 1 ms (see Table 2.2). Compared
to the time scale for axial escape which can be up to 100 times as long one can assume
the ions of one charge state to be in thermal equilibrium justifying the assumption of a
characteristic temperature for each charge state. The collision frequency scales with q2i q2j
resulting in a stronger coupling between ions in high charge states which have therefore
similar temperatures.
Heating of the ions and the energy exchange between the ions can lead to axial escape
if the energy of the ions in a specific charge state i increases above ieUDT(ρ, z), where
UDT(ρ, z) is the voltage applied to the drift tubes. The rate at which ions escape axially















j νij is the total Coulomb collision rate for ions in charge state i. The hot ions
escaping from the trap lead to an energy loss and thereby to cooling of the ions which
remain in the trap.
It is further possible that ions escape radially from the trap. In contrast to the axial
escape where hot ions are continuously removed from the trap, radial escape happens due
to ion-ion collisions which allow the ions to diffuse across magnetic field lines which is not
possible without collisions due to conservation of angular momentum (Gillaspy, 2001a).
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Pos. Nummer Benennung Anz. Abmessung Material Anmerkung Rev.
5 900050.003 CF-Kupferdichtung  - DN 40 1 Ø48,2 × Ø36,6 × 2 OFHC-Cu Kaufteil A 
4 900035.028 Gewindestift ISO 4026 - M3 × 8 3 M3 × 8 A4, versilbert, UHV Normteil A 
3 002920.001 Kardangelenk-Rohr 1 A 
2 002906.001 Lagerungsflansch 1 A 
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